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AN APPARATUS FOR PHOTOGRAPHING INTERFERENCE 
PHENOMENA 


By James B. Saunders 


ABSTRACT 


A photographic instrument is described that was designed for ieee the 
hanges produced in the order.of interference fringes over long periods and for 
recording large changes in thé order of interference. When this instrument is 
used with interferometric systems for studying the changes caused in transparent 
lids by heating, it can be made to yield.a continuous record of the simultaneous 
changes in temperature, time, index, strain, and density. For example, to record 
those changes that are caused by the annealing of an optical glass at an annealing 
temperature near the lower part of its annealing range requires several weeks of 
continuous recording. The total amount of 35-millimeter film needed by the 
instrument for such a record (covering, say 3 months) does not necessarily exceed . 
10 feet. To record the expansion of a material that is being heated from room 
temperature to 500° C, at a rate of 3 degrees centigrade per minute, requires 
pproximately 1 foot of 35-millimeter film. Thus, even very long tests require 
euch a small amount of film that the operator is able to process it, in any small 
dark room. The fringes are photographed at their natural size, and the fringe 
ifts can be determined from the photographic record without the use of ene - 
hrging or projection equipment. 
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I. INTRODUCTION 


The increasing application of interferometry to the measurement 
of physical changes in material has created a demand for an automat 
recorder. Visual-observation methods have proved unsatisfactory fo 
extended tests because they demand the continuous and undivide 
attention. of an observer and because of the frequent uncertainty 
resulting from errors in fringe-count. The motion-picture camera, «sf—mduct 
applied by Nix and MaecNair [1]! to the photography of interfer.{iMthro 
ometer-data, eliminates many of the objections inherent in the visu: finte 
method. However, this method has certain disadvantages that hay ii tran 
prevented its’ general use. Each individual picture requires wjjjand 
exposure of several seconds, even when the brightest of monochr- 
matic sources of light is. used.. Consequently, if 20 pictures ar 
required (as was proposed by Nix and MacNair) to record the passing 
of each fringe, it follows that 1 fringe per 20 times the minimum 
exposure time is the fastest rate of change in the order of interferenc 
that can be recorded: .Many tests require a faster means of recording 
than is possible with a motion picture camera under such conditions 
The motion: picture method. is also impractical for slow change 
extending over long periods because the number of pictures per hour 
cannot be’ materially reduced without danger of failing to recor 
changes that may occur between exposures. - Because of these objec: 
tions and the cost and difficulties of processing the large amount 0 
film required, this method has not been generally accepted. 

Trowbridge [2] proposed a photographic method for recording inte- 
ference phenomena that permits the recording of much faster change 
in the order of interference. Trowbridge’s method has the furthe 
advantage of continuity over the motion-picture method and requir 
a relatively small amount of film. Arnulf [17], and later Sinden |!5 
modified Trowbridge’s method but apparently failed to produce : 
practical instrument. By the addition of several new features, § 
practical means for_recording all types of interference fringes has n0¥ 
been produced. 

To fulfill the needs of this laboratory, where the interferometer 
used in a large number of tests, the design and construction of 
automatic photographic recorder was undertaken. Such an instr: 
ment must satisfy certain requirements if it is to be practical. Th! 
is, the operation of the apparatus must be reasonably simple; ¢ 

hotographic record (in the form of 35-mm film) must be of su 
ength that the operator can conveniently process it in his own la) 
ratory; the. monochromatic light source must be constant, enduritt 


1 Figures in brackets indicate the literature references at the end of this paper. 
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and sufficiently intense to permit continuous recording of the fringes 
for long periods; the accuracy of the results must be at least equal to 
that attainable by visual obseryation; and the operator must be able, 
during the recording period,-to observe visually and to make neces- 
sary adjustments without interfering with the continuity and quality 
of the record. The instrument described in this paper. fulfills all the 
above requirements and extensive use has proved it to be an excep- 
tionally reliable and easily operated instrument. In the following 
paragraphs this apparatus will be designated an “‘interferograph”’ [3] 
and the. resultant records “‘interferograms.”’ 


II. DESCRIPTION OF THE METHOD 


If a fringe system, such as is shown in figure 1, A, is focused on a 
strip of photographic film, a latent image is formed, which, when 
properly processed, yields a reproduction of the fringe system. How- 
ever, if the image is partially intercepted by a screen that has a narrow 
it perpendicular to the strip of film and which is placed just inside ~ 
the.focal plane of the fringe system, an exposure will yield a repro- 
duction of only the narrow part of the image, which is transmitted. 
through the slit. Figure 1, B, shows that part of the image that is 
intercepted by the screen,. whereas figures 1, C and 1, D show the part 
transmitted through the slit to the film. If the fringes remain fixed 
and the film is caused to move perpendicularly to the slit and at a 
rate that is suitable for proper exposure, the resultant effect is that - 
shown in figure 1, #. That is, the part of the fringe system that is 
transmitted by the'slit traces dark arid light bands parallel to the 
direction of motion of the film. On the other hand,.if the fringes 
are caused to move across the plate from bottom to top, in-a direction - 
that is parallel to the slit, and the film moves from right to left, the 
exposed film will yield the reproduction shown in figure 1, F. That is, 
the bands, which ‘were traced parallel to the edge of the film while 
the fringes were static, will make an angle to the edge if the fringes 
are caused to move. Movements of. the fringes in the opposite 
direction will produce a mirror image of the reproduction shown in’ 


figure 1, F. 
A B C 











URE 1.—Diagram to show method of producing interferograms from interference 
fringes. 


(See text for explanation.) 
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To determine the fringe movements accurately from the inter. 
ferograms a reference point is required either in the object plane o 
in the focal plane of the fringes. - Either will serve the same purpose 
In most cases a convenient reference point is obtained by scratching 
a sharp line on the surface of the top interferometer plate, as show, 
by M in figure 1, or by placing a fine wire (or some other kind of 
filament) across the top plate. A cross hair in the focal plane of the 
camera and very close to the film will serve also. In either case, 
the image or shadow of this fine line should intersect the slit (approxi- 
mately % mm wide) perpendicularly. This intersection serves as , 
reference point and traces a sharp line, M’ in the latent image on the 
film. The line appears black on the positive reproduction and its 
intersection with a photographically reproduced fringe corresponds 
to the time when that fringe passed the reference point. If the in- 
strument records -‘more than one phenomenon (in addition to time), 
such as both temperature changes and expansion, then more ‘than 
one set of fringes is needed and each set requires an individual refer. 
ence point. A complete datum from such a record.should includ 
the order of each set of fringes at a definite time. - In order to locate 
those points that are photographed simultaneously on the reference 
lines, transverse lines that are equally spaced and parallel to the slit 
are produced photographically at definite intervals. Such a line is 
produced either by cutting off the light source for a few seconds 
(thus: producing a narrow, underexposed strip) or preferably by 
flashing a small lamp suitably located in the camera box. The 
latter method is used here. That is, a flash of short duration over 
exposes a narrow strip equal to the width of the slit. These over 
(or under-) exposed strips will hereafter be designated “‘slit-lines’ 
The intersections of the slit-lines with the above-mentioned reference 
lines serve to locate simultaneously exposed points along the reference 
lines. The slit-lines are produced automatically and at equal inter- 
vals of time by an electrically operated time switch. Since the film 
moves uniformly, the spacing of the slit-lines affords an accurate 
measure of time, and simple interpolation is possible for reading 
points between any: two -slit-lines. 

The data may be read directly from either the negative or a positive 
reproduction with the aid of a properly designed reading frame, de 
scribed in section III-5, c, page 175. The reading frame may, hovw- 
ever, be dispensed with if the interferogram is prepared for reading by 
superposing on it straight lines that are parallel to the slit-lines and 
pass through the decead reading points. This may be done by placing 
the interferogram on a drawing board so that the slit-lines are paralle 
to one edge of the board and then by using a T-square to inscribe 
additional lines parallel to the slit-lines at all selected reading points 
along either reference line. The author prefers to make such lines # 
those points along the thermometer reference lines that indicate inte 
gral-orders of interference. This is preferred because these points 
correspond to the temperatures and the air corrections (described by 
Peters and Cragoe) [4] that are given in the calibration sheet of the 
interference thermometer. The orders of the different sets of fringe 
can then be read off directly at points where both the temperature 
and air corrections are known. 
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III. DESCRIPTION OF .THE APPARATUS 
1. GENERAL 


A diagram of the assembled apparatus is shown in. figure 2 and a 
photograph of it is presented in figure 15. The several parts are shown 
in greater detail in additional figures and in all of these drawings a 
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es a Ficure 2.—I nterferograph and furnace. 


inte |, Constant-deviation prism; 2, prism housing; 15, collimating lens; 16, optic axis; 17, iris diaphragm; 18 
oints and 22 are, respectively, the effective source and its semiadjustable jaw; 19, adjustable slit for the isolation 
i by of spectral lines; 21, knurled screw for moving adjustable jaw 20; 23, spectrum tube; 24, right-angle reflect- 
GV) ing prism; 26 and 27 are, respectively, a block and screw for holding the phosphor bronze strip 25; 30, flash 
f the lamp; 31, diaphragm; 32 and 33, telescoping tubes; 34, diagonal mirror; 35, 37, and 38 are, respectively, the 
dene: ¢ llecting lens, shutter, and eye-léns of eyepiece 36; 43, semiadjustable jaw of exposing slit 42; 44, 45, 46, 
inges and 47 are, respectively, the screw, knurled head, scale, and ‘right-angle gears for controlling the width 
. of expr sing slit 42; 48, two idling rollers; 49, sprocket; 50, cartridge-which houses the supply spool 51; 52, 
tures photographic film or paper; 53, electrical contact post; 54, motor; 55, gear housing; 57, cartridge which 
houses the take-up spool 56; 71, gear shaft; 77, sprocket shaft; 84 and 87, telescoping shaft and tube, re- 

spectively; 85, 86, and 88, clamping screws; 89, focusing screw with knurled head 91; 90.and 94, leveling 

screws of the instrument and furnace, respectively; 92, rotatable ring; 93 and 98, supporting rings; 96, 
interferometer; 96, furnace; 97, table; 99, removable eyepiece. Sections BB and CC are shown in figures 

9and 8, respectively. , 
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reference number always indicates the same part of the apparatys 
In making thermal expansion measurements the complete apparatys 
for procuring the interferograms, consists of the interferograph, an 
electric furnace, an electric control board, and several accessories, 

The interferograph is essentially a modification of the viewing 
instrument, described by: Merritt. [5], with the addition of a photo. 
graphic recorder.. The principal changes incorporated in the new 
instrument are as follows: The objective of the telescopic eyepiece 
and collimating lens are replaced by a-single collimating lens; the 
light filter in the eyepiece and the righh-enale reflecting prism at th 
collimating end of the viewing instrument are replaced by a constani- 
deviation prism; and a focusing mechanism is installed in the standard 
or base of the new instrument. Additional changes are also made to 
improve the collimation, to increase the illumination, and to adapt the 
viewing instrument to a photographic recorder. 

The furnace is quite similar to that described by Peters and Crago: 
[4]. Its mounting, however, is changed to permit both rotation and 
tilting. This change is essential to the efficient operation of tly 
camera because of certain tilting effects. When the temperature o 
the furnace is changed, differential expansion within the furnee: 
causes small but definite tilting of the interferometer relative to 
other optical parts. This tilt must be rectified at intervals in ord: 
to prevent the fringes from being effaced from the record. For 
visual observations the type of mounting is of less importance a; 
the rectification may be effected by the leveling screws of the viewing 
apparatus. In photographic recording, the interferograph should not 
be tilted in order to effect such a rectification, as this cannot bh 
accomplished without shifting the image of the interferometer relatiy: 
to the film.. A shift of this kind causes a break in the recorded fringes 
and although this produces no appreciable error in results, it does 
increase the difficulty of reading the record. The furnace mounting 
permits adjustment to.compensate for this tilting without introducing 
appreciable shift in the image on the film. 

In making this adjustment it is essential that a means be provided 
to permit visual observation of the fringe system without interrupting 
the continuous recording by the camera. This is accomplished by th 
eyepiece and mirror described in sections III-2, e and f, p. 167-68. It 
will be noted (fig. 1) that the recorder uses only a narrow strip of th 
image.. The remaining part of the image is reflected to one side, by 
means of a properly designed mirror, and observed with-an accessory 
eyepiece (fig..2). Thus’the process of observing the image visually 
for making: necessary adjustments, does not interfere with. th: 
continuity .of the record. 

Results of interferometry with a dispersion prism are superior ‘ 
those obtainable-with a light filter. For interferometer. tests in which 
the observations are made visually, it is generally sufficient to uses 
good source of monochromatic light and a- suitable light filter. For 
photographic, recording, however, the distribution of the spectr 
sensitivity of the film makés necessary a higher degree of home 
geneity in the light, and it is desirable, therefore, to ‘use a dispersi® 
prism. To obtain.a large dispersion, a constant deviation prism © 
the Pellin and Broca [6] type is used to replace the right-angle prs® 
of the ordinary instrument. .The light passes through the. dispersie 
prism twice, thus producing sufficient dispersion to isolate aly 
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spectral'line in the source if its nearest neighbor differs’in wavelength 
by as much as 50 angstroms. The selection of any line is accomplished 
by a simple rotation. of the prism about an axis which is so chosen 
that image shifts are negligible. ; 

Visual observations at high temperatures are more difficult with 
filtered light (used by most of the present-day viewing instruments) 
than with dispersed light. A filter that will eliminate the incandescent 
glow of a hot furnace and also isolate a spectral line will usually absorb 
a large percentage of the light from the transmitted band, thus making 
both visual and photographic observation difficult. That is, any 
filter that transmits only a narrow band will also absorb‘a large portion 
of the light in this band.- If a4 dispersion prism is used for monochro- 
matization, a filter that absorbs practically all light of long wave- 
length and that transmits 4 large percentage of the light of short wave- 
length may be used to eliminate the incandescent light of the furnace 
without serious absorption of a selected line of short wavelength. 
However, a filter is not necessary for photographic. work unless pan- 
chromatic film is used. By using noncolor-sensitized film (insensitive 
to the greens, yellows, and reds) with a blue line of the source, -only 
light from this blue line has any effect on the film unless the furnace 
temperature exceeds 1,100° C. Consequently the result is a clear 
photograph,. free from haze or fog. A filter may still be needed in the 
eyepiece for visual adjustments. 


2. OPTICS OF THE INTERFEROGRAPH 


The essential optical parts of the interferograph are shown in 
figure 3. Light from the source, 23, after being reflected by the right- 
angle reflecting prism, 24, and collimated by the lens, 15, passes 
through the constant-deviation prism, 1, to the interferometer, 95. 
The normal to the center of the interferometer is assumed to form a 
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FiIGURE 3.—Optical parts o7 the interferograph. 


FF, image plane; G and H, entrance and exit points, respectively,-of prism 1; EF and DD, the loci oleae 
which the axis of rotation of prism 1 may be chosen for climinating, respectively, axial and longitudin: 
Shifts of the image. All other parts are indicated in figure.2. 
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perpendicular intersection with the optic axis of the collimating lens, 
The light is dispersed.on passing through prism t. -By rotating this 
prism about an axis perpendicular to the plane of this figure, any one 
of the refracted beams, corresponding to the different: spectral lines of 
the source, may be caused to fall perpendicularly onto the interfer. 
ometer plates. On reflection from these plates this beam will retrace jts 
path through the prism to the source. ‘The light beam from neighbor. 


ing lines will also return through the prism with increased dispersion, . 


From each of these.beams, lens 15 will form an image of the source ing 
vertical plane near the source. By rotating prism 1, any one of these 
images may be caused to fall on.slit 19 (fig. 2), and the light from this 
line will then.pass on to.the diagonal mirror, 34. A slit in this mirror 
transmits a narrow rectangular part of this beam to the film, 52. The 
remaining part is reflected by the mirror to the collecting lens, 35, 
which converges the light toa cross section that is sufficiently small for 
simultaneous observation of all rays from the entire field. The eye 
lens, 38, enables visual observation of the interference phenomena. 


(a) LIGHT SOURCE 


The light source ordinarily used with this apparatus is a Pleucker 
tube of helium gas. This tube (23, fig. 4) rests on a long, slender, 
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Figure 4.—Enlarged section through light source. 
28 is the capillary of the spectrum tube ahd 29 its reflected image. All other parts are indicated in figure? 


right-angle reflecting prism,J24, which has one offits edges ground 
away so that the image, 29, of the capillary, 28, can be located very 
close to the optic axis of the collimating lens. The width of the 
effective light source is limited by the slit, 18, that is formed by the 
lower edge of the reflecting surface of the prism, 24, and the sem- 
adjustable screen, 22. Placing this slit close to the axis of the lens 
permits better collimation, less cosine error in the fringe system, and 
consequently. much sharper fringes. The prism, 24, makes these 
advantages possible.” ; 

? The instrument described by Merritt (shown in fig. 1, [5]) is designed so that the helium tube (23, fig ) 
lies in the position of the prism, 24. With this arrangement the separation of the returning beam of ligh 
from the source is determined by the thickness of the wall of the capillary. Consequently, either the source 
or its image (produced by light returning to the focal plane of the collimating lens) must be some distance 
from the opticaxis; thus, a larger cosine error is produced in the collimated light. By introducing a slender 
prism similar to prism 24, it was found that the maximum usable separation of interferometer plates (leng® 


of specimen) was.doubled. A corresponding improvement in fringe definition was also attained for 807 
given separation of plates. 
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The effective shape of the light’ source commonly used for inter- 
ference measurements with reflected light is that of a half-moon [7]. 
This shape is considered best for securing maximum intensity with 
a given cosine error and is entirely satisfactory if the spectral line 
employed has no close neighbors. However, it is sometimes neces- 
sary to use a narrow slit-like source for the isolation of close spectral 
lines. This can be done without sacrificing intensity -if all but a. 
narrow slit along the capillary of the spectral tube is silvered. 

In fact, a considerable increase in the directed light from a spectral 
tube is produced by silvering the back of the capillary. « If one-half 
(180 degrees of arc) of the capillary is silvered, the intensity of the 
light that is effective in producing the interference fringes is approxi- 
mately doubled. If two-thirds (or 240 degrees of arc) of the capillary 
is silvered, the intensity is approximately trebled. Up to a certain 
point, further narrowing of the unsilvered aperture of the capillary 
produces a still further increase in the density of the source.’ This 
increase in-surface density is limited, however, by the increasing 
absorption resulting from the increasing number of internal reflections 
before the light emerges from the narrowing slitlike window. Thus, 
the silvered capillary permits the use of a narrower source and a 
greater intensity for a given cosine error. A decrease in width of the 
source and an increase in surface density assist.in the isolation and 
use of close and less intense lines from a multiline source. 

In preparing a narrow slit of this kind, the capillary is silvered over 
its whole circumference for a length of approximately 1 cm near the 
middle. The silver is then coated with shellac, or any other suitable 
coating, for protection. After the coating is dry, an axial slit with 
straight edges and with the desired width 1s then produced by remov- 
ing a narrow strip.of the silver with a sharp razor-blade. In the case. 
of the well-separated helium lines, a width of 2 mm is suitable. 


(b) COLLIMATING AND FOCUSING LENS 


The collimating lens (15, fig. 3) is a cemented doublet, corrected for 
chromatic and spherical aberration. Light reflected from its surfaces * 
forms ghost images, but these do not interfere with the photographic 
record if they are made to fall below the exposing slit. The placement 
of the optical parts is arranged so. that the collimating lens also serves 
as the focusing lens. Fortunately, this arrarigement is convenient both 
for obtaining the. desired magnification and for properly locating the 
controlling aperture (18, fig. 4).. The number of optical parts is thus 
reduced to & minimum. 


(c) DISPERSION AND DEVIATION PRISM 


If a right-angle reflecting prism (R, fig. 5,.A) is combined with the 
two parts, Pl and P2, of a 60-degree dispersion prism (fig. 5, B) in 
the manner shown by figure 5, C, the result is a prism having both 
the dispersion properties of the dispersion prism in figure 5, B, and 
the right-angle deviation’ properties of the reflecting prism, R. The 
path of the ray of light shown in the reflecting prism is that for which 
ihe prism produées no dispersion. The path of the ray of light shown 
# This method of increasing the effective illumination has also been applied to mercury vapor lamps. It 
‘Stecommended for all such sources where increased illumination from spectral lines is desired. 


,, it is desirable to give this lens the treatment described by Cartwright [8] for extinguishing reflection of © 
light from glass. ‘ ‘ : 
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in the dispersion prism is that for which the prism produces minimy 
deviation. For the combination, shown in figure 5, C, each part; 
the dispersion prism produces both the same dispersion and deviatic 
as shown in figure 5, B, but as the beam is inverted by reflection befoy 
entering the second half of the dispersion prism, the deviation of thi 
half cancels the deviation of the other, whereas the dispersions a 
still additive, ‘as in figure 5, B: The dispersion prism in figure 5, } 
may be set for minimum deviation of a ray of any other waveleng: 
by-a simple rotation, and when tlius rotated the new ray passes aloy 
the same path within the prism as that previously followed by th 
first-mentioned ray. The same is true for a rotation of the constan: 
deviation prism, except that no change is produced in the total devis 
tion. The prism used with this interferograph, and shown in figur 
5, D, has the same properties as that shown in figure 5, C, and is: 
single. piece of glass. 














8 ' D 
N 
Figure 5.—Properties of the constant-deviation prism... 


A, right-angle reflecting prism; B, 60-degree dispersion prism; C, constant-deviation prism compour 
from parts of A and B; D, constant-deviation prism made from a single piece of glass. 


A rotation of the constant-deviation prism (1, fig. 3) in changin 


from one line to another generally produces an axial shift in the imag 
plane of the interferometer. This is caused by a change in the effe- 
tive object distance: That is, in.general, both the air and glass paths 
comprising this distance, change with the rotation of the prism. |! 
however, the axis of rotation is chosen anywhere along the line D/) 
the change in the air path.cancels the change of path in glass to: 
close approximation. Rotation of this prism also. produces a later 
(vertical in this case) displacement of the interferometer image. Thi 
displacement is caused by a Jateral shift in the rays on emerging fron 
prism 1. For example, when the prism is in the position shown, th 
axial ray of the collimating lens emerges as the axial ray of the inter 
ferometer plate and the image points of these coincide in the imag 
plane, FF. If the prism is now rotated clockwise about the entrance 
~~ G, of the axial ray, this ray, now of another color, but deviated 
) 


y 90 degrees, still follows the path traced through the prism to the! 


exit point, H, and émerges parallel to the axis of the interferomete 
plate; but the point H has been moved to the left by this rotation 
Thus, the axial ray of the collimating lens and that of the interfer 
ometer. plate will be imaged at two different. points, one above th 
other, in the image plane, FF.. In general, rotation about any othe 
point also causes a shift in the exit point of the axial ray, 16. It ho 
been found, however, that if the axis of rotation is chosen along th 
line EE,.the lateral shift of the image caused by the rotation of th 
prism may: be minimized to the same degree as the axial shift w® 
minimized by the means described above. Fortunately, the inte 
section of these two lines, EE and DD, is so located relative to tht 
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rism that it can be cliosen as the position of the axis. of rotation for 
he prism. As the result of this choice, both shifts are practically 
iminated. : 

The purpose of eliminating any image shift is to improve the 
pplication of the interferograph for measuring the length of samples 
o a very high degree of accuracy by means of the “theory of coinci- 
ence,” described: by Perot and Fabrey [9]. However, the lateral 
hift of the image does not affect ordinary visual observations. 


(d) INTERFEROMETER 


The recording of time is automatic with the interferograph, as © 
Hescribed in section II, page 160. Consequently, if the data to be 
ecorded consist only of temporal changes in any single quantity that 
nay be observed with an interferometer, then one set ‘of fringes is 
sufficient. However, if two or more kinds of such changes are to be 
ecorded, additional sets of fringes are necessary. 

Two sets of fringes are required for recording both thermal expansion 
and temperature by interferomeiry. In figure 6 the. lower plate, 7, 
erves as an interference thermometer [10], and the expansion fringes, 
howing the expansion of specimen S, are produced in the usual 
manner by light reflected from the top surface of 7 and the bottom 


Figure 6.—The interferometer. 


E, An interferometer plate; S, test sample; 7, interference thermometer; rand M zg, reference lines of the 
temperature and expansion fringes, respectively. 


surface of plate Z. The broken line in figure 6 represents the position 
of the exposing slit relative to the two reference points, My; and Mg, 
of the temperature and expansion fringes, respectively. The ther- 
mometer reference point, Mz,.is the intersection of the reference mark 
(M, fig. 1, A) with the indicated position of the exposing slit. The 
reference mark-should be sufficiently long so that an appreciable 
rotation of the interferometer about Mg may be effected without 
removing the image of Mr, from the exposing slit. Also the reference 
mark should be parallel to. the fringes so that the rotation causes no 
change in the order of the thermometer fringes relative to: their 
reference point. 
(ce) DIAGONAL MIRROR 

_ The diagonal mirror (34, fig. 2), used for intercepting a part of the 
light of the interferometer for visual adjustments or observation, may 
be made either of silvered glass or stainless steél. The slit, through 
its center, should be wide enough to permit some latitude in the ad- 
justment of the exposing slit and also for visual. adjustment of the 
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image in the slit before yey | the camera to begin a recording. A 
1.5-mm slit in the mirror has been used successfully. 


(f) EYEPIECES 


Two eyepieces * (36 and 99, fig. 2) of identical optical design, and 
corrected for spherical aberration, are used with the interferograph. 
Each consists of a collecting lens and. an eye lens that are separated 
by their common focal lengths of 5 cm. .The collecting lenses are 
sufficiently large to cover the whole image, whereas the eye lenses are 
quite small. 

Eyepiece 99 is designed for easy removal and, after the interfer. 
ometer is assembled, it is replaced by the photographic recorder and 
diagonal mirror. When this eyepiece is in its position for visual 
work, .its. collecting lens is in the image plane of the interferometer. 
Eyepiece 36 is permanently attached to the side of the interferograph, 
as shown in figure 2. It is used, during the recording period, for 
observing the interferometer. and for: making adjustments when 


necessary. The collecting lens. of this eyepiece is located in the | 


reflected image plane of the interferometer. This eyepiece has 4 
shutter, located between its lenses; that is controlled by a mechanism 
similar to that used in cameras having the between-the-lens type of 
shutter... The shutter Operates exactly as a camera shutter with 
“bulb” and “time” settings. It is opened only after the-eye is placed 
in position for observing and closed before its removal. A camera 
release cable greatly reduces the danger of jolting the instrument 
when opening and closing the shutter. A small exit pupil and an 
eyecup help to prevent stray light from getting to the photographic 
film while observirig. 


3. MECHANICS OF THE INTERFEROGRAPH 


For efficient operation the interferograph must permit close control 
of light conditions. This requires the calibration of several scales 
which indicate the settings of devices that control the amount and 
quality of the light producing the record. Also it is important that 
these controls be operative without affecting the continuity of the 
—— (a2) ROTATION OF THE CONSTANT-DEVIATION PRISM 

The constant-deviation prism (1, fig. 7) is fastened between two 
plates with two layers of felt.ta serve as padding. ‘Two pressure 
springs, 6 and 12, tend to rotate the prism clockwise about its bearing 
shaft, 10.. The rotary motion is limited by the lever arm, 8, which 
bears against pin 7 on plate 3 anid is rotatable about screw 5. The 
rotation of this lever arm is controlled by the motion of the microm- 
eter. screw, 13. Pressure springs, 6 and 12, maintain permanent 
contact between the arm, 8, and both the micrometer screw, 13, and 
pin, 7. Thus, all back lash is eliminated and the accurate calibration 
of the micrometer head, 14, against the wavelength of known spectral 
lines is possible. The bearing shaft, 10, is held in place by a ring, 9, 
and set screw, 11. 


(b) DIAPHRAGMS AND STOPS FOR LIGHT CONTROL 


Figure 4 shows a cross-section of the spectrum tube, 23, with the 
unsilyered slit facing downward. The reflected image of this slit 


* By modifying the mounting of eyepiece 36 it could serve both purposes, thus eliminating eyepiece 
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faces the collimating lens which is to the left: Slit 18 is slightly 
narrower than this reflected slit and is, therefore, the effective source. 
The area of this slit-like source of fixed width-is controlled by means 
of an iris diaphragm (17, fig. 2). It is important that the size of the 
iris diaphragm be readily controlled. This is accomplished by means: 
of a lever in combination with a ealibrated scale. 

The light from the effectiye source (18, fig. 2) is collimated by lens 
15 and dispersed and deviated by prism 1. It then travels vertically 
to the interferometer where it is reflected back through prism 1 -which 
further inereases the dispersion and causes another right-angle devia- 
tion. Lens 15 then produces, in a vertical plane through 18, inverted 
images of the light source, one corresponding to each spectral line in 
the source. A rotation of prism 1 moves these images vertically. - By 
observing through eyepiece 99, the operator may cause any one of 
these images to coincide with aperture 19. 


























Ficure 7.—Mounting of the constant-deviation prism. 


Sand 4, Plates for holding the prism in place; 5, pivot screw; 6 and 12, springs exerting thrusts on pin 7 and 
lever arm 8, respectively; 9 and 11, ring and set.screw, respectively, for preventing axial motion of shaft 10, 
on which the prism rotates. The rotation of the prism is controlled by means of screw 13 with the aid of a 
micrometer scale 14. 


The width of slit 19 is determined by the position of screen 20 which 
is controlled by means of knurled headed screw 21 (fig. 2). This 
screen is attached to a. phesphor bronze: strip, 25, which maintains 
contact with screw 21 and 1s securely fastened to the -instrument 
through block 26 and set screw 27. The length of slit 19, which in 
operation is approximately equal in width to that of 18, is also con- 
trolled by iris diaphragm 17. 

Additional diaphragms are placed in suitable parts of the instru- 
ment to prevent stray light from reaching the photographic film. 
Une such diaphragm is shown by 31 in figure 2. All inside parts of 
the instrument are painted a dull black. 
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(c) CAMERA 


The front part, 40, of the camera box is brazed to tube 33, in which 
the ‘diagonal mirror is located. ‘Tube 33 telescopes into tube 32 and 
is -replaceable by eyepiece 99 for visual work. Both the camera box 
and prism housing 2 may be rotated 90 degrees about: the optic axis, 
16, of the interferograph. ‘This permits the instrument’s use: for 
recording with vertical-type interferometers. 

The essential elements of the camera box are shown in figures 2 
and 8.-.It is lighttight’- and made in two sections which may be 

















Figure 8.—Camera box (section CC of fig. 2) 


73, Worm; 74, worm gear; 75, key; 76, keyway; 39 and 40, the two separable sections of the camera bor; 78 
and 79, slip-belt pulleys. All other parts are indicated in figure 2. 


separated. In viewing the camera box in the direction indicated ‘for 
observing section CC of figure 2, the top, bottom, back, and right- 
hand sides form one of these sections, 39, which is referr ed to as the 
removable part, and the front and left-hand sides form the other 
section, 40, which is referred to as the fixed part as it is brazed to 
tube 33. — 

The film spools are housed in manent cartridges, 50 and 57, which 


can be removed from the camera box without exposing the film. . The 
slots through which the film is fed into and out of the cartridges are 
lined with a deep, black plush to prevent light leakage. The capacit) 
of each spool is approximately 35 feet of photographic film. Ap 
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extra take-up spool with its cartridge permits the processing of one 
record while making another. 
The mechanism for moving the film is shown in figure 9. . The power 
for driving sprocket 49, which imparts uniform motion to the film, 
is supplied by 4 small synchronous motor, 54, which by means of gear 
58 drives gear 59, the shaft of which also carries gears 60 and 61. The 
three gears, 62, 63, and 64 are fastened rigidly to a sleeve, 65, that can 
be moved along a shaft, 7 71. - This movement permits the alternative 
engagement of three pairs of gears, 59-62; 60-63, and 61-64, each of 
which gives a different gear ratio and consequently permits the selec- 
tion of three different speeds for the movement of the photographic 
film. Sleeve 65 is constrained to turn with shaft 71 by a set screw, 67. 


53 
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Ficure 9.—Film-driting- mechanism (section BB of fig. 2). 


58, Transmission gear that drives the set of gears 59, 60, and 61 ata fixed speed; 62, 63, and 64, a secdnd set of 

gears that rotate together with sleeve 65 and can be made to engage gears 59, 60, and 61, respectively, by 

ving sleeve 65 along shaft 71; 66, graove; 67, pin; 68, steel ball that is pressed against shaft 71 by pressure 
spring 69 and set screw 70. All other parts are indicated in figures 2 and &. 


Slot 66, which is parallel to the axis of the sleeve in which the head of 
set screw 67 is located, permits movement of the sleeve along the 
shaft without relative rotation. A steel ball, 68, and its spring, 69, 
holds the sleeve in position when the gears are meshed as its position 
then coincides with one of the three grooves, 72. The sprocket, 49, 
end worm gear rotate with shaft 77. 

In order to bring unexposed film into position before starting a 
record and also to wind up that part of the exposed film that is be- 
tween the exposing slit and the take-up cartridge at the end of are- | 
cording, it is necessary to move the film manually, independent of the 
driving mechanism. . To accomplish this the worm gear can be dis- 
engaged from the worm in the manner shown in figure 8. That is, 
a worm gear can slide along shaft 77 while key 75, which fits into 

e keyway, 76, constrains the: two to rotate together in either its 


663099—45——_2 
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engaged or disengaged positions. Thus, the sprocket may be ro- 
tated manually when the worm gear is disengaged. In order to toye 
the film a small known amount, ball 68 may be set half way between 
any two.of the adjacent grooves 72 (as in the position shown ‘in fig. 
9); thus disengaging the gears. With the worm gear engaged, ‘sleeve 
65 may be rotated manually, causing the film to move. A 360-degree 
rotation of the sleeve will then move the film exactly one-tenth of an 
inch. 

The take-up spool (56, fig. 8) is powered through the V-shaped 
pulleys, 78 and 79, which are connected by a spring slip-belt (not 
shown). These pulleys are constructed so that the lane of the belt 
falls within the bearing areas of their shafts. This eliminates side 
thrusts that tend to increase friction. Further reduction in friction is 
attained by reducing the bearing areas of shaft 80 and sleeve 81 on 
which spool 56 turns. The sides of the pulley grooves. are made very 
steep and the diameter of the spring slip-belt slightly less than the 
maximum diameter of the pulley grooves. ax be ts 


Figure 10.—Electric connector for the camera motor. 


The two nonconducting parts, 82; are separated by and fastened to a steel spring. Electric’contact is made 
by compressing the spring and placing the two terminals, 83, in contact with the terminal posts (53, fig. 2) 
of the motor. Tension in the spring maintains permanent electric contact. 


The film cartridges and sprocket, with its driving mechanism 
(motor and transmission gears), are attached to the removable part 
of the camera box (fig. 2), and the two floating rollers and exposing 
slit with its controls are attached to the fixed part. This arrangement 
permits both easy access to the slit for its adjustment relative te the 
image of the interferometer and easy threading of the film between 
the rollers, 48,.and the sprocket wheel. 

When loading and unloading the camera, it is desirable to dis- 
connect the electric power. Also it is important to guard against 
moving the instrument while remaking the connection. The terminals 
of the motor are connected to two parallel posts (53, fig. 2). The 
attachment, shown in figure 10; for electrifying these parts is light and 
allows connections to-be made without danger of shaking the instrv- 
ment. The other end of the electric cord is plugged directly into the 
110-volt alternating-current power line. 


(d) FOCUSING MECHANISM 


Focusing ‘of the interferograph (fig. 2) is accomplished by varying 
the objeet distance, which is the optical distance between the inter 
ferometer, 95, and: the collimating lens, 15. This may be done 
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either by raising or lowering furnace 96 by means of the three leveling 
screws, 94, by raising or lowering the interferograph by means of its | 
three leveling screws, 90, by sliding shaft 84 along inside of tube 87, 
or by operating the elevating screw, 89, by means of wheel 91. Only 
the latter two means.are used in practice, one for coarse adjustment 
and the other for fine adjustment. 


4. FURNACE 


Figure 2 shows the furnace, partly in-elevation and partly in section. — 
It is supported by a ring, 93, which in turn is supported by three 
equally spaced leveling screws. These screws rest on ring 92 which 
fits on and over another ring, 98. Ring 92 is rotatable about ring 98. 
An overhanging flange constrains the axis of the two to coincide at all 
times. The rotatable top ring carries the furnace and the bottom ring 
is fastened rigidly to supporting parts which are firmly attached to 
the table on which the interferograph is supported. The electric 
connections (thermocouple and heater leads) to the furnace are made 
flexible so as to prevent breakage from flexure caused by rotating the 
furnace. The interferometer, 95, is near the center of the furnace 
and on a level with the rotatable ring, 92. 


5. CONTROL" BOARD AND OTHER ACCESSORIES 
(a2) WIRING DIAGRAM AND TIME SWITCHES 


A wiring diagram of the control board is shown in figure 11. The 
Variac transformer, 7}, is well suited for automatic control of heating 
rates. The intensity of discharge in the spectrum tube, H, is con- 
trolled by means of a slide-wire rheostat, R,, in series with the primary 
of a 12,000-volt neon-sign transformer. A control of the intensity of 
the source is necessary because such control is the best means. of 
adjusting the exposure to the several rates‘of film speeds. The time- 
switch transformer, 7;, delivers 6 volts across.its secondary.’ This 
voltage is divided between the time-lamp, FZ, and ‘thé resistance, 
R; (a 100-ohm, radio-type, slide-wire rheostat) so that the lamp may 
be made relatively faint when fast films are used. 

The slit lines, defined in. section..II, page 160; are produced by 
causing the time-lamp, 30, (AA, -fig. 2) to flash on momentarily. 
Two switches make it possible to control this lamp either automati- 
cally or manually. The manually operated swifch is used to record 
the time of incidental events such as a change in heating rate and the 
automatic switch records the passage of time intervals only. The 
automatic time switch was constructed from an electric clock. The 
contact point (C,, fig. 11) makes contact with the second hand, SH, 
once each minute. -The duration of this contact is approximately 1 
second.. The contact, C,,.makes contact with the modified minute 
hand, MH, once in each 30 minutes. The duration of this contact is 
approximately 1 minute. The C, contact is made when the second 
hand is approximately 180 degrees from its contact position; conse- 
quently, the C, contact is made near the middle of the period of 
contact at C,; thus the possible danger of two C; contacts during orie 
of the C,-contact periods is eliminated. With this adjustment made, 
the time-light is on for 1 second at accurate intervals of 30 minutes. 
If more or less frequent intervals-are desired, the number (two in the 
tase described) of contacts on the modified minute hand must be 
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changed accordingly. A-disk, having any number of such contact 

points, would produce that number of flashes during each hour. -The 

manually operated time switch is of the push button or doorbell type. 
SH 


R Ci «¢ 


3 
ye er 
I > \w 
(Ts iS T3 f TS: 2¢ 
——{F | }— mene 


Ce 


Ri 
a My ~~ ] 


. 


Fictre 11.—Wiring diagram of the control board. 

Se. Triple pole, single.throw switch; S;, double pole, double throw switeh; S:, single pole, single throw 
switch; Ss, double pole, single throw switch; 7}, variable transformer, Variac; .72, neon sign transformer 
T;, door.bell transformer; R,, Rs, and Rs, variable rheostats; C, electric clock; SS, spare socket; PL, panel 
board light; IM, interferograph motor; 7M, time-switch motor; FL, flash lamp; 7'S, time switches: auto- 
a manual; MH, minute hand; SH, second hand; H, spectrum tube (helium); F, electric furnace 

*", voltmeter. 


(b) FILM-LOADING KEY 


A film-loading key (fig. 12) is convenient for loading the supply 
cartridge with unexposed film. This key is shaped so that it engages 
the spool in the same manner as shaft 80 of figure 8. The film is 
attached to a hook on the spool, which is then inserted into the car- 
tridge, withthe film passing out through the plush-lined slot. The 











K 





Figure 12.—Film-loading key. 


cartridge is then closed and the film wound onto the supply spool 
until full. 

Notations are made on the emulsion side of the film, after each ten 
turns, by means of a stylus.° This serves to keep the operator in- 
formed regarding the amount of film remaining after each successive 
record is cut off and developed. Similar notations, that identify the 
individual tests, are written on the protruding end of the film at the 
end of each record.. One loading of the supply cartridge serves for 

* This stylus m&y be similar to that used with an autographic camera and the notations develop if \ 


same way as the autographs do from such cameras. A hard lead pencil also serves excellently in mak Dg 
these notations. 
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many complete records as each of these usually requires only 1 to 2 


feet of film. 
(c) READING FRAME 


In section II, page 160, one method is described for transforming 
the interferograms into numerical data. The record may also be 
read directly from the negative with the aid of a reading frame. 
This consists of two plates of glass that are separated approximately 
one-half millimeter by two strips of cellulose (or any other suitable 
material). The separator strips have their adjacent edges parallel, 
straight, and separated by a distance slightly greater than the width 
(35 mm) of the photographic film used. The film is moved through 
the rectangular. slot so produced. A straight mark on one of the 
glass plates, parallel to the slit lines, serves in determining the fringe 
orders of the several sets of fringes corresponding to any desired inter- 
mediate time or any desired order of a set chosen for any particular 
reason. The usual procedure, in thermal expansion work, 1s to read 
the order (whole number and fraction) of the expansion fringes’ 
corresponding to chosen integral orders of the interference thermom- 
eter fringes. 

(4) MOUNTING TRIPOD 


A tripod used in mounting and arranging the interferometer is an 
important adjunct. It consists merely of a flat-topped tripod with 
adjustable feet. Its height is adjusted so that. the object .distancé 
will remain unchanged when the interferometer is transferred to the 
furnace. This tripod is placed near the furnace so that the constant- 
deviation prism may be swung around to a position diréctly over it 


merely by rotating the interferograph on its base about shaft 84. 
The interferometer system is assembled on this tripod and adjusted 
while being observed through eyepiece 99, 


IV. ADJUSTMENTS OF THE APPARATUS 


When the interferograph is used for expansion work only, some of 
the necessary ‘adjustments are final, whereas others must be repeated 
for each new sample or test. The interferograph may be leveled by 
the use of two horizontal mirrors, formed by shallow dishes of clean 
mercury. One mirror is placed on the tripod and the other replaces 
the interferometer in the furnace. After the instrument. is once 
levelled the levelling screws, 90, should: remain unmolested. By 
replacing the mercury mirror, on the tripod, with an optical flat and 
observing. the reflected light, from this mirror, the instrument is 
collimated by adjusting the position of lens 15 until the field, observed 
in the eyepiece, is uniformly illuminated. ‘The instrument is focused. 
by adjusting the height of the standard, as described in section II1-3, 
d, page 172. A ground: glass is placed in the plane of the photo- 
graphic film and the image of a reference line is observed on this glass 
with an eyepiece while focusing. - The reference line should be at the 
object distance intended for the interferometer while in the furnace. 
If the change in this object distance remains small, no further focusing 
will be necessary. 

The adjustments required for a simple interferometer (that is, one 
having a single set of fringes) have been given in a previous publi¢a- 
tion {5}. -A compound interferometer, such as that shown in figure 6, 
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imposes additional requirements on the adjustments, the most impor. 
tant of which is the requiremént that the two or more sets of fringes 
shall be equally bright. The orientation of the interferometer 
image, relativé to the exposing slit, is also more critical for the con- 
pound: interferometer as it is necessary to have the images of 4l] 
reference points fall in the exposing slit. 

Plate E, figure 6, is made wedge-shaped so as to eliminate the light 
reflected from its top surface. Cuhsnmendie. the light that is trans. 
mitted by this plate, which forms the expansion fringes, does not 
return parallel to the light which forms the temperature fringes, 
That is, the two returning beams do not coincide and, consequently, 
separate images of the source are formed that are relatively displaced 
in the plane of aperture 19. As aperture 19 is equal, both in size 
and in shape, to either image of the source, and as these images do not 
coincide exactly, all the light from the interferometer cannot pass 
through this aperture. 














Figure 13.—Adjustments of light beams. 
See text for explanation. 


The adjustments for securing’ maximum brightness of images, 
consistent with the requirements for equal brightness, are best ex- 
plained with the aid of figure 13. The parts designated by number 
have already been defined. Jy and Jg are the images of the source, 
formed in the plane of aperture 19, by light of the thermometer and 
expansion fringes, respectively, whereas Pr and Pg represent the 
corresponding images of point 16 which is the intersection of the 
optic axis with this plane. 

Figure 13, A, represents the general condition produced when an 
interferometer, such as is shown in figure 6, is placed on the mounting 
tripod, and the interferograph is swung into position for observing it. 
In general, neither of the two images, J; and Jz (which are assumed t0 
be equally bright), fall on aperture 19 and, consequently, the inter- 
ference fringes eannot be seen by an observer looking into the eye 
piece. An outline of the interferometer can be seen, however, Dy 
diffuse light from an outside source. This light. serves to identify 
the proper location of the interferometer relative to the interferograph. 
By tilting the tripod the two images, J; and Jz, are caused to move 
relative to aperture 19, whereas their positions relative to each other 
remain fixed: With diaphragm 17 (fig. 2) wide open and by tilting the 
mounting tripod, the refraction thermometer. image, I,, is easily 
brought into coincidence with aperture 19, as is shown in figure 13, 5. 
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This condition is attained when the temperature fringes appear 
brightest. The diaphragm opening is then reduced until the expan- 
sion fringes become quite faint. This condition indicates that only 
a small portion of the image, Jz, is coinciding with aperture 19, as 
shown in figure 13, @. Usually the brightness of the expansion 
fringes may be increased by rotating plate F of figure 6, without 
shifting it. from its proper position, on the specimen, S. _ When plate 
Eis thus rotated, the point, Pg, moves on a circle with P; (which now 
coincidés with 16)-as its center. When P, is on the horizontal line 
through Py, the expansion fringes are brighter than for any- other 
angular rotation of the plate. his condition (represented by 13, D) 
is reached when the total amount of light transmitted through aper- 
ture 19 becomes a maximum for this size of aperture; however, the 
two sets of fringes are still unequal in brightness. . When. the mounting 
tripod is further tilted in the proper direction, the condition shown in 
figure 13, H, is produced, in which the intensity of the two beams 
becomes equal without changing the total amount of transmitted 
light. 
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FicurE 14.—Relation between interference fringes and interferograms. 


A, Interference fringes; B, corresponding interferogram; W; and W3, width of interferometer and interfero- 
gram fringes; respectively; Ws, expanse of fringe width along the slit; @; and @:, angular orientation of in- 
terference and interferogram fringes, respectively; R, length of film passing a reference point during the 
passing of one fringe. 





V. ASSEMBLING THE INTERFEROMETER 
1. PRELIMINARY CONSIDERATIONS _ 


For accuracy in reading the interferogram, the width of the bands 
as in visual readings of the interferometer fringes) should be neither 
too wide nor too narrow. However, when flat interferometer plates 
are used, it sometimes happens that the tilting of the plates will cause 
the interferometer bands to become either much. wider than the 
visible field of the interferometer or too narrow to be counted. These 
conditions occur when the angle formed by the two reflecting surfaces 
becomes either too small or too large.’ Such conditions make it 
impossible, when taking data visually, to read the fractional order of 
the fringes. However, this broadening or narrowing of the fringes is 
uually less troublesome with the interferograph, provided certain 
precautions are taken while assembling the interferometer.. If the 
width W,,- (fig. 14) and orientation 6, of the interferometer fringes 
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are known, the corresponding width, W2, and orientation, 6, of the 
interferogram fringes are given by the equations, 


W.= (R74 W,-?)-1” 
@.=tan= (RW;"*), 


where W;=W, esc 6; is the expanse of fringe width along the silit 
and. where R=VN~ is the length of film used per fringe. Thy 


quantities V and N are the speed of the film motion and the rate 
change in. the order of interference, respectively. 

An analysis of the above transformation equations show that Jj, 
can never exceed either R or W3. Therefore, if either of these quan. 
tities are prevented from becoming large, the width of the interfen- 
gram fringes cannot become too large for reading. If the surfaces of 
the interferometer plate are not flat (as is usually the case) it is quite 
obvious that the interferometer fringes can never become too wide 

The operator can never be sure that the fringes will not become too 
narrow during a test. If the width, W,, of the interferometer fringes 
become too small, then either W, becomes too narrow or contrast 
the interferogram will be poor because the condition of narrow fringes 
approximating parallelism to the slit is approached. If the frings 
become both parallel to and as narrow as the slit, there will. be no 
contrast and therefore no fringes on the interferogram. A _ proce 
dure that has proved successful is to use the T-type sample, shown 
in figure 6, and to so adjust the height of the contact points sup- 
porting the top plate that the order of interference at the weighted 
point, Mz, is about five greater than at the unweighted contact points 
When the three-pin type of sample is used, the fringes will often grov 
quite narrow during the heating and must be rectified by a previous! 
described procedure [11, p. 188]. 

The value of W, will also be small if R becomes small. The valu 
of V is limited to finite values; that is, to %, 3, and 11.4 inches ¢ 
film per hour, for the instrument described above. Therefore, tl: 
only. unavoidable condition that will cause R to become too smalls 


for N to become so large that the instrument is unable to provide 
film speed sufficient to prevent excessive crowding of fringes. The 


largest value for N that permits satisfactory resolution of the fringe: 
is that which corresponds to approximately 100 fringes per inch 0 
film. ‘To aid in preventing the fringes from becoming narrow, th 
initial value of @, should be small if the fringes are subject to rotation 
and changes in their width. In a stable fringe system, such as that 
of an interference thermometer—where the two reflecting surface 
are permanently bound—the value of 6, may have any value tha 


permits a reasonable value for Ws. 


2. ASSEMBLY PROCEDURE 


The preparation of the specimens which serve as spacers betwee 
the interferometer plates is fully described by Merritt [5], Saunden 
[11], and Johnson and Parsons |12].. 

The steps usually taken to assemble an interferometer similar 
that shown in figure 6. are as follows: 
_ With eyepiece 99 in position, the interference thermometer is place 
on thé mounting tripod so that an image of its reference line, Mz, wi! 
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be perpendicular to the exposing slit. The beam of reflected light 
from the thermometer is adjusted for maximum brightness by adjust- 
ing the. screws of the mounting tripod. The specimen, S, 1s placed 
in a position so that the exposing slit may be made to coincide simul- 
taneously with the expansion and ‘thermometer reference poirits, 
M, and M;,, respectively. The top plate, Z, is then placed on the 
sample. At this stage the expansion fringes may of may not be 
visible, depending upon whether the image (Jz, fig..13) falls in or 
without aperture 19. In either case, by rotating plate EF, the. ex- 
pansion fringes may be made almost as bright as the temperature 
fringes. ‘The mounted interferometer is-then carefully placed in the 
furnace and at approximately the same orientation relative to the 
base of the interferograph. Prism t is now brought into position, 
over the furnace, by rotating the interferograph about shaft 84. The 
interferometer is releveled by means of the furnace leveling screws, 94. 
A rotation of the furnace restores the relative angular orientation of 
the two reference points relative to. the exposing slit. Eyepiece 99 . 
is now replaced by the front part, 40, of the camera box. A-slight 
movement of the interferograph on table 97 while a magnifying glass’ 
is used to observe the interferometer through the exposing slit (opened 
to approximately 1 mm for this adjustment) will then bring the two 
réference.. points into coincidence with the exposing slit. Equal 
brightness of the two sets of fringes, together with maximum illumi- 
nation of photographic film, is restored by a final adjustment of the 
furnace leveling screws. The interferometer is then properly mounted 
and ready for use. 


VI. PHOTOGRAPHIC EXPOSURE 


Correct exposure for an interferogram requires gaod contrast and 
sufficient density for easy reading. ‘The requirements for contrast 
are specified below but those for density must be ascertained by 
trial. These two factors depend both on the type of photographic 
film and the characteristics (light source and adjustments) of the 
interferograph. 


1. SELECTION OF PHOTOGRAPHIC FILM 


The type of photographic film to be used is an important feature 
in any photographic work. In the case of the interferograph, con- 
trast and speed are the essential factors. The speed rating as speci- 
fied by the manufacturers does not necessarily indicate the sensitivity 
of the film to any given spectral line. ‘The relative speed factor for 
interferographic work with any line may nevertheless be determined 
irom the specified speed rating, together with the spectral sensitivity 
curve of the film. 

The speed of the film is important, as the moré sensitive the film 
is to the light used, the narrower the slit may be made, and the faster 
the film may be moved past the slit. A narrow slit gives high resolu- 
tion which is very important when the interferometer bands are nar- 
row and nearly parallel to the slit, and-also when they are. moving 
rapidly. The ability to record fast-moving fringes is necessary. when- 

’ This magnifying glass may be a simple lens of wide 2, and it may be permanently attached to.the 


ide wall of the camera box. It should be attached to the fixed part (40, fig. 8) and well back of the sprocket 
Hat it does not interfere with the removal of part 39 when opening and closing the camera. 
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ever expansion tests are made at high heating rates, whenever moder. 
ate rates of heating are.used with materials that have a high expan- 
sivity, and when following the changes in density of crystals during 
the transformation from one form to another. When yellow light 
from the helium source is used, any of the fast panchromatic films 
are satisfactory. 

In deciding upon the required spectral sensitivity distribution of 
the film, the available light source must be considered. If a helium 
source is used, it is desirable to select panchromatic film for use with 
the yellow line because this film is highly sensitive to yellow light. 
This combination gives plenty of speed and also produces good visi- 
bility. for visual adjustments.- However, greater contrast can be 
obtained by using.some of the noncolor-sensitized films. If the latter 
type of film is used, blue light is required because such films are insensi- 
tive to greens, yellows, and reds but are highly sensitive to the blues. 
Consequently, high contrast may be obtained by using ‘the blue line 
(\=4471A) of helium with a noncolor-sensitized film. The blue line 
of helium is only about one-half as intense as the yellow line, and the 
product of sensitivity of film by intensity of the line may be less than 
the corresponding product when the yellow line with panchromatic 
film is used. The combination of yellow light with panchromatic 
film ts recommended: for temperatures up to 675° C and blue light 
with noncolor-sensitized films for tests that require higher temper- 


tures. 
2. CONTRAST 


If the area of the effective source is large, the cosine error in the 
interference phenomena is large and the fringes appear washed out 
from lack of contrast. ‘The smaller the source the greater will be the 
contrast, but a compromise must be considered between contrast and 
amount of light sooled for the record. Contrast in the interferogram 
depends also upon the width of the exposing slit. That is, the inter- 
ferograph will reproduce the contrast visually observed in the inter- 
ference phenomena only if the change in the order of interference is 
small during the exposure of any point on the film. The best results 
require the use of a source with the largest area that will give .reason- 
me contrast in the interference fringes, the use of the widest ex- 
posing slit that will give reasonable reproduction of contrast, and 
the making of other necessary variations in exposure by changing the 
intensity of the source and by varying the film speed. 


3. PHOTOGRAPHIC DENSITY OF FILM 


Assuming that'a reasonable amount of contrast is attained in the 
interference phenomena, the best exposure is that for which the 
photographic density approaches zero at the center of the light. fringes. 
The only remaining factors available for controlling exposure (alter 
the consideration already given to contrast) are the intensity of the 
light source and speed of film motion. The speed of the film motion 
is determined mainly by the rate of change in the order of interference 
Consequently, the intensity of the source is the final factor in decid- 
ing the photographic density to be obtained. Hence, if the film 
speed is changed during a test, the intensity of the source must be 
changed accordingly to compensate for the resultant change in eX 
posure time. 
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VII. OTHER APPLICATIONS OF THE INTERFEROGRAPH 


The interferograph is especially. applicable to the measurement of 
thermal- expansions. However, if is equally well adapted to the 
measurement of many other interference phenomena. It is suggested 
that-this apparatus furnishes.a convenient means of obtaining data for 
those investigations that. require. a determination of the absolute 
order of interference, as-by the method of coincidence; for the re- 
cording of changes in the order of.interference that are very large, 
such as are encountered in the measurement of the standard meter 
bar; for the recording. of changes in interference fringes over long 
periods of time, as in ether-drift experiments; and for other investi- 
gations that present difficulties to visual observation. 

A simple arrangement for measuring the rate of disappearance of 
strain in a plate of optical glass, such as E of figure 6, is to replace 
sample S by a nonreflecting sheet’ of material or. by, removing the 
sample S, fine grinding the top part of plate 7’ -urider plate # and 
then laying plate E directly on plate 7. The arrangement is com- 
pleted by placing a nicol to the left of and close to diaphragm 17 of 
figure 2, so that all light passing from aperture 18 to lens 15 and from 
lens 15 to aperture 19 will pass through the nicol. The light after 
passing through the nicol will be plane polarized. It traverses the’ 
strained plate, £, .is reflected (in part) at the lower surface of this 
plate and again traverses the plate from which it returns through the 
nicol prism to aperture 19 and on to the photographic film. The 
nicol prism serves both as ‘a polarizer and an analyzer. The resultant 
interferogram will contain a measure of time, temperature, and changes 
in double refraction effects. A polaroid screen, placed anywhere 
between lens 15 and diaphragm 17, serves as well as a nicol. Greater 
accuracy may be attained by having the specimen shaped so as to 
cause the light to suffer several internal reflections before returning 
to the analyzer. 

Preliminary experiments indicate the applicability of the inter- 
ferograph to the determination of visibility curves of spectrum lines 
{13] that are composed of doublets, triplets, or ‘single bright lines with ° 
associated satellites. The intensity measurements for the various 
orders. of interference, on the interferograms, are easily and rapidly 
made with a suitable photoelectric densitometer. 


VIIE RESULTS 


To illustrate an application of the interferograph to expansion work, 
two interferograms of the expansion of quartz in the range between 
room temperature and 650° C are reproduced. The interferogram 
shown near the bottom of fig. 16,A) was produced while the sample 
was being heated at a constant heating rate of 2.4 degrees per minute 
and while 3 inches of film per hour was used. Under these conditions 
it is impossible to follow the fringe count in the neighborhood: of the 
transformation temperature, 573.3° C. [14] ®. Consequently, in order 
\o record this part of the data legibly, a second interferogram (a part of 
which is enlarged and shown in fig. 16, B) was produced which differs 
from the first only in that the heating rate was lower and the film speed 


Sntemeeees 
a Bates and Phelps have found that the start of the inversion of a-quartz to 8-quartz occurs at 573.3° C. 
‘Oils temperature is accepted as one of the base points for calibrating the interference thermometer. 
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greater. Thus, when 573° C was reached, the heating rate was approxi- 
mately 1.6 degrees per hour and the speed of the film was 11.4 inches 
per. hour. Thesé conditions allot 7 inches of film to each degree rise jy 
temperature, whereas in the interferogram of figure 16, A, approxi. 
mately one-fiftieth of an inch per degree was allowed. This combina- 
tion of changes in film speed and heating rate is equivalent to a magni- 
fication of approximately 330 in the longitudinal direction of the film 
and was sufficient to resolve the fringes even while the samples was 
passing through the transformation from low to high quartz. 

A U-shaped sample was used as this shape permits an image of one 
of the unweighted contact points (M, of fig. 16) to be included, along 
with the weighted contaét point, A/,, in the exposing. slit. Thus, 
including that of the thermometer, there are thrée reference lines in 
each of the interferograms. The two end-contact- points: of the 
U-shaped sample were alined with the thermometer reference point so 
that the images of all three could be included in the exposing slit. 
As usual,.one of the contact points of the sample was loaded by shifting 
the center of the top interferometer plate toward it. 

The purpose of including a second reference point in the field of 
the expansion fringes is to enable the interpreter to follow the fringe 
count through the transformation at 573.3° C. A small and usually 
unavoidable temperature gradient between the two parts of the 
sample that are imaged in the exposing slit causes them to transform 
at different times. Consequently, the fringes may be moving quite 
slowly at one of these reference points while they are moving rapidly 
at the other where the transformation is occurring. 

The initial length ® of the sample was obtained from the approx- 
imate length (measured with micrometer calipers) by applying the 
“theory. of coincidence”’ to the fractional-orders of interference pro- 
duced by each of several known light’sources.. The application of this 
principle has been described by Meggers [15] and Perot and Fabrey 
[9]... A photograph of the interference fringes, produced by each. of 
the several sources, is obtained by taking a series of still pictures with 
the exposing slit. wide opén. To prevent double exposure the film 
is moved forward after each exposure by an amount slightly greater 
than the width of the slit. ‘The lines” 4358, 5461, 5770, 57914 of 
mercury and 4471, 4713, 4922, 5016, and 5876 of helium were used 
for this record. "_ 

After the length of the sample at room temperature is known, thi 
absolute order of interference, corresponding to any of the fringes 
crossing the exposing slit, is also known. This enables the interprete! 
to label the interferogram fringes (at the starting end of the inter- 
ferogram) with numbers that correspond to the absolute order of inter- 
ference of the interferometer fringes producing these fringes. Ai 
other interferogram fringes can then be labeled by counting from th 
original order. These numbers are written above the interferogram 
in figure 16, A and the last two significant figures of these numbers a! 
written on the corresponding fringes of figure 16, B. Obviously th 
count of the fringes. in figure 16, A, cannot be followed through tl: 
transformation temperature but it can be followed in figure 16, } 
The order of the fringes above the transformation temperature, 1! 
figure 16, A, is easily ascertained from figure 16, B, as the order of th 


* A micrometric determination of the specimen length is sufficient for most expansion work. 
1% Usually five well-known lines are sufficient. 
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expansion fringes in the two interferograms will agree at all temper- 
atures of this range. | 

Plots of the absolute orders of interference versus temperature (and 

ime) are given above the interferograms in figure 16. The ordinates: 
present the absolute length of the specimen in terms of half: wave- 
engths of the light used. The abscissas represent both temperature 
and time; the time scale is at the top and the temperature scale is at 
the bottom of the graphs.. _This simultaneous representation of both 
temperature and time by the abscissas of a graph is possible because 
the heating rates were approximately constant. The length of the 
film exposed was used as a measure of the elapsed time, and the tem- 
peratures were determined from the calibration sheet of the interfer- 
ence thermometer. No other computation was necessary in preparing 
the plotted points, as a drawing board and T-square served to trans- 
form the data from the interferogram. directly to the graph being 
plotted. 
- It will be noted-that the slopes (6, fig. 14) of the expansion fringes 
on the interferogram and the corresponding parts of the. expansion 
urves, platted in such a manner, should be closely -related if the 
heating rate and film speed are constant, if there is no tilting of the 
two reflecting surfaces relative to each other, and if the wavelength 
is kept constant by performing the test in vacuum. The correlation 
between the interferograph fringes and the corresponding expansion 
curves is quite apparant in figure 16 although some tilting and varia- 
tion in the heating rate, as well as gradients, were présent. 

Discontinuities such as those in the interferograms of figure 16 are 
caused by a rapid change in the expanse of fringe width (Ws, fig. 14) 
along the exposing slit. That is; this expanse increases from a nor- 
mat value to infinity and then returns to normal after reversing the 
direction of the fringe count along the slit. This change in the expanse 
f fringe width along the slit is caused by a tilting of the top inter- - 
ferometer plate relative to the bottom plate."' The observed effect 
when looking into the eyepiece) may be either a change in width 
without rotation, a rotation without a change in width, or both a 
rotation and change in width, the latter being the usual case. The 
photographed effects. resulting from’a rotation of fringes are usually 
ot distinguishable from those resulting from a change in the width 
f the fringes, 

If the tilting of the interferometer plate proceeds slowly, as is 
often the case, the photographed effects include a progressive change 
in the slope of the interferogram fringes. If the tilt occurs suddenly, 
which frequently-occurs, a discontinuity is produced. Both of these 
effects are shown in a previously published [3] interferogram. A 
drawing that represents a part of this interferogram is shown in figure 
8. This drawing is included here as an aid in explaining the inter- 
pretation of results in the neighborhood of such discontinuities. The 
numbers occurring in this drawing are inserted to indicate the fringe 
count from room temperature. The previously published results 


—— 
In the case of the first discontinuity of figure 16, B, the tilt of the top interferometer plate was caused by 
| expansion of the weighted part of the spacer that produced Mi.. - As this part of the spacer increased © 
‘n length and became equal to that part of the spacer corresponding to M2 the dark interference fringe, No. 
', which produced the interferogram frimge then coinciding with reference line Ms, became parallel to the 
‘and this fringe then covered both reference points. After this occurred the movement of the inter- ~ 
nce fringes, in the slit, was reversed as the numbering of the interferogram fringes indicate. At* the 
| pronounced discontinuity, the 84th fringe was on the weighted reference point M: when the un- 
i spacer. passed through the transformation as it expanded very rapidly. . This effect again reversed 
rection of motion of the interference fringes along the slit. ‘ 
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were taken from the weighted reference line, M,. Reference line Vy. 
was produced by’a reference point at the median of the triangle forme; 
by the three supporting points of the top interferometer plate. Whey 
the first discontinuity, shown near the center of figure 18, occurred 
fringe 40 was on the weighted reference point. A sudden tilting of 
the plate caused a corresponding change in the expanse of fring 
width along the exposing slit. It has already been demonstrate 
[11] that this rotation of the fringes always occurs about am axis that 
passes through the weighted contact point. Therefore fringe 4) 
still passed through the weiglited reference point after the sudden til 
occurred. It is known that the sample was expanding. uniformly 


from a consideration of other interferograms, which recorded the 


changes in this material through this same temperature range. Con. 
sequently, the next fringe to cross the weighted reference line js 
known to have been 41, The discontinuity shown near the right end 
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FicurE 18.—Discontinuities in interferograms. 























The inserted numbers represent the orders of interference, counted from room temperature; M; and Mi: 
are the weighted and unweighted reference lines, respectively. The upper and lower sets of fring 
are expansion and temperature fringes, respectively. 


of figure 18 occurred when the temperature of the sample was con- 
stant: and when the fringe count at the weighted reference point was 
43.7, and it is again apparent that no change in the fringe coun! 
occurred at the weighted reference point. If the expansion data had 
been obtained from a fringe count taken at the median reference line, 
M,, the magnitude of the sudden change in the fringe order at- this 
point would not have been noted and the results corresponding 
points above this temperature would have been in error to the extent 
of one fringe at least. The correct fringe count can always be followed 
by accepting the fact that no sudden change occurs ia the order 0 
interference at a properly weighted reference point. 

For representing expansion data graphically, the usual procedure is 
to tabulate the data obtained from points along the selected reference 
lines of the interferograms and from these data to compute the 
temperatures and corresponding changes in length. The results are 
then plotted without further mee Pere to the interferograms. Such 


graphical representation, along with the interferograms from which 
the original data were taken, is introduced in figure 17 to show the 
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close correlation between ‘an interferogram arid the corresponding 
computed curve, even when it passes through maximum and minimum 
points. The location of such points are more readily obtained from 
the interferogram than from: the curves. ‘The same is also true of 
critical points in the expansion curves of crystals (fig..16). The inter- 
ferograms in figure 17 are parts of the record.of a glass that was 
previously chilled from-its molten state. The chilled. sample was 
heated at a constant rate of 3 degrees centigrade per minute to 610 
degrees centrigrade and annealed at this temperature. It was then 
cooled to room temperature and, without dismantling the interferom- 
eter, a second expansion -test was made on the sample, now in an 
annealed state. The complete record is not shown here as the ex- 
cluded parts contained nothing of current interest: Curves 1 and 2, 
which are computed from data taken along reference lines M, and-M,, 
are typical expansion curves for chilled and annealed glass, respectively 
16]. In this figure, reference lines.M/, and M, are produced by the 
weighted reference point, whereas M; is typical of accidental marks 
formed by particles of dust that get into the slit during a test. Curve 
3 was computed from data obtained at M; and is included to demon- 
strate. the effect of errors when the data are not taken along the 
weighted reference. point. The. lower interferogram also shows the 
effect resulting from the squirming of the interferometer fringes that 
is caused by changes in the thickness of the air films between the 
specimen and interferometer plates at the unweighted reference points. 
It is these air-film effects that produce the irregularities that are 
obvious errors in the data from which curve 3 was computed.. The 
effect of a change in the film speed, while heating the interferometer 
at a constant rate, is shown near the right-hand end of this interfero- 
gram. The upper set of fringes in each interferogram are the temper- 
ature fringes. The white numbers inserted in thé interferograms 
were written on the negatives to aid in the fririge count when the data 
were translated -from the interferograms to numerical values. 


IX. PROPOSED REFINEMENTS 


As a result of experience gained with the interferograph, a few 
changes in its design are proposed.. Although not affecting. the per- 
formance, these changes incorporate certain desirable features. For 
example, the constant-deviation prism: described above is quite 
massive and although:no difficulty has been experienced, there is a 
possibility of injury. to it due ta heat shocks when measuring expan- 
sions to very high temperatures. To reduce this danger a new prism 
has been designed in which all dimensions except thickness have 
been reduced to one-half, thus reducing the mass to one-fourth that 
of the original prism. This reduction in the size of the prism does 
hot reduce the dimensions of the aperture in the directive parallel 
to the exposing slit. The visible field is limited by the collimating 
lens and the two horizontal edges of the entrance face of the new 
prism. Thus the visual field has the general shape of the fringe field 
shown in figure 1, C, with the two straight sides separated by an amount 
equal to the radius of the collimating lens. 

. Itis desired to call attention to the difficulty sometimes experienced 
in transferring the interferometer from the mounting. tripod to the 
furnace. This is minimized. by first transferring the interferometer 
from the tripod to a small éup fitted with a bail-like handle, and then 
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lowering it into the furnace by means of a hook. Even so, the oper. 9. S$." 
tion frequently involves several unsuccessful trials. Therefore, jy 

place of this procedure it is proposed to modify the furnace so th; 

the mounting of the interferometer may be done directly in the posi. 

tion it will occupy during the observations. This may be accomplishe) HPyrt of 
in a number of ways. The furnace may be constructed.so that one. 

half may be removed while the interferometer is being set up, and they | 
replaced. Or the interferometer may be supported on a pillar inde. 
pendent of the furnace and the furnace elevated and swung out of line 

while adjustments are made. 


X.. CONCLUSIONS 


The experimental instrument described herein was found to perforn 
excellently. “The results from a large number of tests have concly- 
sively demonstrated the adequacy of its mechanical performaize An it 
An outstanding advantage of the interferograph over visual instry. Hj !@pp 
ments is that the recorded interferograms are permanent records that HR" 





are available for repeated critical reviews of their. interpretation, ere 
The small amount of. attention required for the operation of this Hierits: 
instrument ‘allows the operator to prepare new specimens for later sppine 
tests and to compile the data from previous tests during the photo- 
graphic recording. 
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LAPPED BAR SPLICES IN CONCRETE BEAMS 
By Ralph W. Kluge and Edward C. Tuma | 


ABSTRACT 


An investigation was conducted to determine thé general hehavior and strength 
flapped bar splices that varied in length and method of lapping.. The .bond 
trength developed in the splice and the slip of bar were determined for two types 
nd two sizes of reinforcement. The resulting data clearly illustrated the manner 
, which the stress was transferred from one.lapped bar to the other; the relative 
erits of the two types of bars, as well as the effectiveness of the two methods of 
pping, are also shown. 
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I. INTRODUCTION 
1. OBJECT AND SCOPE OF INVESTIGATION 


There is little information available in the technical literature con- 
cerning the behavior of lapped reinforcing-bar splices. As far as is 
known to the authors, such data that have been published pertain to 
relatively long laps involving plain round bars.' ' It therefore. seemed 
desirable to conduct a study of this type of -splice, including such 
variables as length, method of lapping, and type of deformed bar. 
Specifically, the purpose of the tests described in .this paper was 
ist, to determine. the distribution of stréss along the lapped bars and 
the accompanying bar slip; second, to compare -the effectiveness of 
". A. Slater, F. E; Richart, and G. G. Scofield, Tests of bond resistance between concrete and steel 


bh. Pap. BS (1920) T173; or W. A. Slater, Structural laboratory investigations in reinforced concrete mad 
‘oncrete Ship Section, Emergency Fleet Corporation, Proc. Am. Concrete. Inst. xv (1919). 
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the lapped bars spaced 1}4-bar diameters apart with that of the lappg 
bars in contact with each other; and, third, to compare the behayjy 
of two types of reinforcing bars, one having a relatively. greater \y 
height than the other. Both. bars were considered to be among j, 
best available as far as bonding properties were concerned. _ 

The test program was divided into two parts, as indicated in tabj, 
One part covered the tests of large beams containing bars 1 jp. 
diameter, and the other, tests of small beams reinforced with bars \y 
in diameter. For each size of bar, two sets of tests were made, deip 
nated series A and series B. All tests were made on each of the ty 
types of bars. . 

The tests of series A were primarily concerned with the manne 
which the tensile stress or bond stress varied along the lapped by 
and the magnitude of the slip at various points.¥ The data also serys 
to compare the behavior of the two types of bars and the relatiy 
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fectiveness of the two methods of lap splicing. The length of splice 
» this series varied from 20- to 50-bar diameters and only a single test 
as made for each length of lap, type, and size of bar. 

Series B was planned to provide values of average maximum bond 
tress for several lengths of lap. However, there were few well- 
ined bond failures and, notwithstanding the use of high-yield- 
trength reinforcement, many specimens failed by yielding of the 
tars beyond the splice. These tests, however, had some value in 
ndicating the effectiveness of the shorter laps. In this series, the 
noth of the splices varied from 10- to 40-bar diameters, and in all 
Ht a few instances duplicate tests were made. 


II.. DESCRIPTION OF TEST SPECIMENS 
1. DESIGN OF BEAMS 


‘ Details of the test. specimens are shown in the diagrams of table 1. 
s indicated in the bar plan, each béam contained a single lap splice 
nd two continuous bars. The beams were designed to permit a clear 
pacing of 1%4-bar diameters between all the bars at a section through 
he splice, and their effective depth was such that theoretically, for a 
tress of 20,000 psi in the continuous bars, the concrete was stressed 
» 1,500 psi in-compression, assuming a modular ratio of n=8. This 
jesign resulted in a section, outside the region of the lap splice, con- 
sining 1.4 percent of. tensile reinforcement. 

The span of the large beams (containing the 1-in. bars) was 12 ft 
nd that of the small beams (with the %-in. bars) was 8 ft. Load: 
vas applied to the beams at two points, so spaced.as to provide a 
ion of constant moment sufficient in extent to accommodate the 
ongest lap splice of 50-bar diameters. The actual lengths of lap were 
lightly greater than the given nominal values in order to accommodate 
neven multiple of a 5-in. spacing of gage holes. The exact values 
ere ¥-in. and % in. greater than the nominal lengths for the \-in. 
nd l-in. bars, respectively. 

The reinforcement consisted of two types of bars, illustrated in 
igure 1, and’designated by number.: Bar No. 1 had average lug 
ights of 0.020 in. and 0.027 in., whereas Bar No. 2 had average lug 
eights of 0.031 in. and 0.063 in. for the %-in. and 1-in. bars, respec- 
ively. The approximate bearing areas of the lugs per lineal inch are 
iven in table 2. For the specimens of series A, the reinforcing bars 
vere of intermediate grade or better, whereas the bars used in beams 
{ series B were exclusively of high-strength steel, having a yield 
point of from 53,000 to 62,000 psi. Their dimensions and mechanical] - 
roperties are listed in tables 2 and 3, respectively. ; 

The concrete was designed for a compressive strength of-4,500 psi 
at 28 days and consisted of moderate-heat-of-hardening portland 
cement and washed Potomac River sand and gravel, the latter having 
‘maximum size of % in. .The proportions of cement, sand, and 
gravel in the mix were, respectively, 1:2.5:3.3 by dry weight; and the 
het water content, 7% gal of water per sack of cement, corresponding 
to a water-cement ratio of 0:67. by weight. The resulting concrete 
bad an average slump of 3% in. and developed an average compressivé 
strength of 4,700 psi tested dry at 28 days. 
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TABLE 2.—Dimensions of reinforcement 


Bar number Bar size | Diameter! 








Average . Appro tia 
a 


Lugs per | bes 
lug ara 
height yan d 











t.As determined = wana length method. 


TABLE 3.— Mechanical properties of reinforcement 


{Each value is the average of three seca 








Yield Tensile 


Bar size point strength 


| numbers 





Bar | 
} 


90, 000 
71, 600 | 
7, 200 | 
7, 400 
, 600 
. 200 
, 300 


2. CONSTRUCTION OF SPECIMENS 


Four beams were generally cast at one time, two small ome and 
two large beams, both pairs containing splices of equal length in terns 
of the bar diameter. One of each pair contained the No. 1 ber and 
the other the No. 2 bar. . The reinforcement. was rigidly =o ! 
wire. chairs as well as on tapered wooden inserts. Removal of t 
latter from the cast beam provided openings to the bars for strai 
measurements. Spacing of the inserts is shown in figure 2 for beat 
of series A. The beams of series B contained gage holes, simila:! 
spaced, but confined to the region outside the limits of the splice 

The free ends of the lapped ‘bars were saw cut in order to.avoid the 
distorted ends generally accompanying shear cuts. Where no spat 
was provided between the lapped bars, they were firmly wired toget! 
at the center and near the ends of the lap with soft iron wire. The 
concrete was vibrated into place in the beams and the control cylinders 
Twenty-four hours after casting, the side forms of the beams and 
cylinders were removed. The “test specimens were then wrap| 
with several layers of wet burlap and cured in this condition for 
period of 7 days, after which they were permitted to dry in the li 
oratory for 21 days before testing. 


III. DESCRIPTION OF TESTS 
1. PROCEDURE 


In order to facilitate the measurement of strain, the beams we" 
tested in.an inverted position on standard beam supports resting 
the platen of a 600,000-lb hydraulic testing machine equipped Wi with 
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39.000-lb gage. ‘The load was applied near the ends of the speci- 
mens through a pair of wide-flange |-beams resting on rollers and 
saring plates, which can be observed in figures 3 and 4. . The weight 
‘the loading beams and auxiliary equipmént was approximately 

100 Ib and was considered as part of the total applied load. 

Strain-gage readings were obtained. with a 5-in. Whittemore gage 
»r 8 to 10 increments of load. In the tests of series A; strain measure- 
nents were made at 2%-in. and. 5-in. intervals on the \%- and 1-in. 
ars, respectively, the intervals extending from.the free ends of the 
apped bar to the load points and at a number of selected points on the 
optinuous bars. Slip of.the lapped bars was determined’ with the 
train gage by observing the relative movement between gage holes 
» the lapped bars and those on the continuous.bars one gage length 
moved. The readings were corrected for strain in the bars as well 
s for the angle of the _* of measurement. Measurements of strain 
» the tests of series B were confined to gage lines outside the region 
‘the splice, thus avoiding the uncertain effect of openings in the 
oncrete on the bond stresses along-the lapped bars. The average 
ond stress could be determined from the observed tensile stress in 
the bars at. the ends of the lap. 

During the latter stages of the test, the. beams were carefully 
kerutinized for passible longitudinal cracks, which, in some beams, 
ormed in the concrete along the lapped bars when the maximum load 
was reached. 


IV. TEST RESULTS OF SERIES A 


1. DISTRIBUTION OF STRESS ALONG LAPPED BARS 


The strains at corresponding gage lines on each of the two bars of 
the lap were averaged and converted to stress on the assumption that 
£, was 30,000,000 psi, and load-stress diagrams plotted for all of the 
rige points along the bar. Typical diagrams.are shown in figure 5. 
The curves are arranged in the order that the gage lines appear on the 
lapped bar, starting at the free end.. After initial cracking of the con- 
crete, the stress in the bar at various points was closely proportional 
to the load until either the bond stress within the gage line approached 
imaximum or the yield point of the steel was reached. The curves 
for the portion of the bar near the free end clearly show the maximum’ 
nsile stress, which is also a measure of: the maximum bond stress 
that the bar was capable of developing within the first few inches of 
embedment. 

The variation of tensile stress along the lapped bars of the various 
‘pecmens is shown in figures 6 to.13. The plotted values were taken 
inom the load-stress curves described above for loads near the maxi- 
num and for loads that produced a stress of about 18,000 to 20,000 
psi in the bars outside the region of the splice. The pair of curves 
shown on each axis, one for each bar of the splice, are identical except 
that they are turned end for end. Both the No. 1 and No. 2 bars are 
represented in éach figure. 

rhe slope at any point on the curves is obviously 4 measure of the 
dond stress developed between the bar and the concrete at that point. 

he greatest bond stress was developed at the free end of the bar, and 
tus stress decreased fairly uniformly in the 20- and 30-diameter laps 
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Figure 5.—Typical load-stress curves for successive gage lines along lapped bar 
Stress values are the product of the modulus of elasticity and of served strains. 
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leagth of splice 20-bar diameters. }4-in. bars. Stress values are the product of the modulus of elasticity and 
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ver the entire splice. In the longer splices, however; the bond stress, 
after a similar decrease reached a low value within the middle third, 
then increased toward the end of the lap. In some instances, where 
the stresses at the loaded end were less than 30,000. psi, the bars within. 
the middle third of the splice did not develop any bond stress. ' This 
was particularly evident in the 40-diameter splices and the 50-diameter 
splices of the No. 2 bars. From the standpoint of efficiency, such a 
splice is longer than necessary. 

The stress in the continuous bars at various points in the region of 
the splices is also indicated on the diagrams by a small cross. Except 
for spliees 20-bar diameters in length, the effect of the lapped bars was 
to greatly decrease the stress in the continuous bars within the limits 
of the lap, in many instances very closely approaching the stress ‘in © 
the portion of the awed bar from the center of the lap to its loaded 
end. In beams containing thé 20-diameter splices, the stress in the 
continuous bars was, in general, fairly constant over the entire lap, the 
effective steel area of the lapped bars apparently being equivalent to a 
single bar at any section. . 

A detailed comparison between the stress distribution curves. for 
each length of lapis shown in figure 14. The curves represent the 
stress distribution for a load of 10,000 lb on the beams containing the. 
Yin. bars and 45,000 lb for the beams containing the 1-in. bars. 
These loads stressed the reinforcement beyond the splice to 45,000 
and 37,000 psi, respectively.. The slopes of the curves in the vicinity. 
of the origin, which represents the free end of the bar, are almost. 
‘identical for each set of curves, consequently the bond stress developed 
within the first few inches of bar embedment was practically alike, 
regardless of the length of splice for a given load and type of bar. 

It is to be expected that some relationship exists between the bond 
stress at the free end of the lapped bar and the tensile stress in the bar 
at the other. limit of the splice. Figure 15 indicates, within certain 
limits, a linear relationship which, for each type of bar, apparently is 
independent of the length of splice for laps of 30-bar diameters .or 
more. Thus, the data for the 30-, 40-; and 50-diameter laps appear to 
group themselves about individual straight lines, one for the No. 1 
barand one for the No. 2 bar, between tensile stresses of 5,000 and 
40,000-psi. The 20-diameter lap-splices also show. a similar relation- 
ship, but the slopes of the lines are, in some instances, greater than 
those of the longer splices. Where they differ, the data for the 
20-diameter lap are indicated by a- broken line. 

The distribution of tensile stresses along the lapped bars for a given 
load and for various lengths of lap is compared in greater detail for 
both types of bar in figures 16 and 17. In every instance, the No. 2 
bars picked up stresses more rapidly at their free ends than the No. 1 
bar, although the rate of increase of stress beyond an embedment of. 
ive-bar diameters was not significantly different. In a well-designed 
splice, the normal stress, that is, the stress:‘the bar would normally 
carry if it were continuous, should be reached at the end-of the splice. 
In figures 18 and 19, the observed stresses in the lapped bars at the 
end of the splice are plotted with respect to the load applied to the 
beams for each length-of lap. Also shown by solid lines is the load- 
stress relationship that would obtain if the bars were. continuous. 

his normal stress was assumed to be the same as the average stress 
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Stress values are the product of the modulus of elasticity and observed stratns. 
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Figure 15.—Relation between bond stress at free end of bar and tensile stress at lémit 


of lap. 


Stress values are the product of the modulus of elasticity and observed strains. 
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Fiaure 16.—Distribution of stress along lapped bars compared for No. 2 and No. ! 
\%-in. bars. 


Stress values are the product of the modulus of elasticity and observed strains, 
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Figure 17.—Distribution of stress along lapped bars compared for No. 2 and No. 1 
1-in. bars. 


Stress values are the product of the modulus of elasticity and.observed strains, 
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Figure 18.—Load-stress relation for lapped bars at limits of the splice. 
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Beams of series A. %%-in. bars. Stress values are the product of the modulus of elasticity and observed 
strains. 
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Figure 19.—Load-stress relation for lapped bars at limits of the splice: 


Beams of series A. 1-in. bars. Stress values are the product of the modulus of elasticity and observed 
Strains. 
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observed in both the continuous and lapped bars well outside thp 
limits of the splice. The deviation of the observed stress from thp 
normal] stress beyond a value of about 35,000 psi is evident for mos 
of the beams reinforced with No. 1 bars. The exceptions are th» 
50-diameter lap and possibly the 40-diameter lap. On the othe 
hand, with the exception of the 20-diameter lap, the observed stresgps 
in the No. 2 bars are practically identical with the normal stresses yp 
to the yield point of the steel, which had a value of about 50,000 ang 
45,000 psi for the %-in. and 1-in. bars, respectively. 

It is evident that, if the stress in the lapped bar at the end of the 
splice is not equal to the normal stress, the adjacent continuous bars 
assume a greater proportion of the total tensile stress. Actually, this 
was not a serious matter in the beams that were tested with laps 
greater than 20 diameters; for even at the higher stresses the differ- 
ence between the actual and normal stress was not more than 8 to |) 
apy probably half of which was assumed by the two continuous 

ars at that point. Consequently, the load which would normally 
stress the reinforcement, beyond the splice, to its yield point was not 
materially affected by the slight shifting of stress. This was not 
true, however, of the beams containing the 20-diameter lap splices, 
where the load at which yielding of the reinforcement occurred, as a 
rule. was somewhat lower than for the other beams, 


2. BOND STRENGTH 


The load-stress curves for the gage line nearest the free ends of th 
lapped bars indicated that the tensile stress there reached a maximum 
value at approximately the same load in all of the specimens tested 
Also, the maximum stresses at this point were reasonably alike for a 
given type and size of bar regardless of the length of lap-splic: 
However, there was a marked difference in the values for the two 
types of bars. By the use of tle maximum tensile stresses scaled from 
the curves, the bond strength developed by the lapped bars for an 
embedded length of about 3 in. was computed for each specimer 
and the bond stresses thus obtained are listed in table 4. The values 
are somewhat higher than would be expected from standard pull-out 
tests, but compare favorably with results from unpublished data of 
similar bars in beam tests. 


TaBLe 4.—Mazimum bond stress developed at free end of lapped bars 


[Average stress for an embedment of approximately 3 in.] 
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3. COMPARISON BETWEEN METHODS OF LAPPING 


The results of the two methods of lapping, one in which the lapped 
bars are spaced 1% diameters clear and the other where they are in 
contact, are compared in figures 20 and 2t. Here the stress distribu- 
tion curves are shown for a given load and for each length of splice. 
There is practically no difference in the stress between the curves 
representing each type of lap at any point for the 1-in. bars and little 
difference for the }-in. bars. These differences are probably no greater 
than would be obtained in duplicate tests. A further comparison is 
shown in figures 18 and 19, in which the load-stress curves for the 
lapped bars at the limits of the lap are shown for both types of splice. 
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Here, again, the differences are small and in most instances negligible, 
It is also evident from table 4 that it made little difference in the bond 
strength in these tests whether the lapped bars were spaced |i 
diameters apart or were in contact. 


4. DISTRIBUTION OF SLIP ALONG LAPPED BARS 


There were large differences in slip between certain specimens, and 
these differences were not always consistent. It is highly probable 
that wide. variations in slip data, obtained in the manner described 
herein; would also be observed in duplicate tests. It should be noted 
that the slip at each point. along the lapped bar was reckoned from 
a point directly opposite it on the adjacent continuous bar, and 
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l-in. bars. Stress values are the product of the modulus of elasticity and observed strains. 
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consequently does not. necessarily indicate the relative movement 
of the bar with respect to the concrete. 
Slip starts, quite naturally, at the free end of the bar, where the bond 
stress 1S always the gréatest, and progresses along the bar as the tensile 
stresses increase at the loaded end. .In this respect, the behavior 
of the-bar differs from-that in the usual pull-out or beam tests for bond. 
The distribution of the slip along the lapped ‘bars for various lengths 
of splice.is shown in figures 22 and 23. The data are plotted for 
two loads, one of w hich produced a tensile ‘stress of approximately 
18,000 psi and the other about 40,000 psi at the leaded ends of the 
lapped bars. Most of the evidence seems to indicate that the dis- 
cibetian and magnitude .of the slip is independent of the length 
of the splice. There appears to be a serious departure from this 
principle with the No. 1 bars at higher loads. The discrepancy is not 
readily accounted for except insofar as a part of the variation might 
be accidental. Within the range of working stresses, however, the 
length of lap seems to have little or no effect. upon the magnitude 
of the slip for that bar. 
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Figure 22.—Distribution of slip along lapped %-in. bars. 
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With one exception, there was little difference in slip between the 
No. 1 and No. 2 \-in. bars for a given tensile stress at the loaded ends 
of the lapped bars. The exception was the 20-diameter lapped No. | 
bar, which showed a considerably greater slip than any of the other 
lapped bars of this size. The 1-in. No..1 bars, however, exhibited a 
decidedly greater slip for a given load or end stress than the. I-in, 
No. 2 bars or either of the %-in. bars. The only explanation that can 
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Figure 23.—Distribution of slip along lapped 1-in. bars. 
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be offered for the dissimilar behavior of the two sizes of No. 1 bars 


1 


is the possible effect of the lug height. Table 3 shows that the 1-i 
No. 1 bar had a much lower ratio of lug height to diameter of bar than 
the \-in.-bar of the same. make, whereas this ratio for the two sizes 


of No. 2 bars was almost alike. 


The difference in the slip behavior of the two types and two sizes 
of bars is more clearly illustrated in figure 24 which shows the relation 
between slip at the free end of the lapped bar and the bond stress 


developed within the first few inches of the free end. In the rang 


of bond stresses above 400 psi, the end slip of the %-in. No. 2 bar's 
somewhat less than the 1-in. bar of the same make and as previous!y 
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noted the slip ofthe" ¥-in. No. 1 bar,is very-much less,than the 1-in. 
No. 1 bar for all bond stresses. 

It is to be noted that slip is not directly proportional to the bond 
stress developed by the bar, but apparently is some éxponential - 
function of this stress, the expression for the relationship depending 
upon the type of bar. | 
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FiGURE 24.—Relation between slip at free end of bar and bond stress near free end. 


V.. TEST RESULTS OF SERIES B 


1. GENERAL MANNER OF FAILURE 


_As stated in section II, 2, the tests of series B were planned to 
determine the average maximum bond stress developed by the lapped 
bars for various lengths of lap.. Although the specimens contained 
uigh-yield-strength reinforcement, many of the beams failed in tension. 
All the 30- and 40-diameter lap splices developed the yield strength 
of the bar beyond the ends of the lap, and all the 10-diameter splices 
‘tiled in bond. On the other hand, about half of the 20-bar-diameter 
Splices failed in tension and the remainder failed in bond. Many of 
the bond failures were not well-defined because, in some instances, 





214 Journal of Research of the National Bureau of Standards 


there-was a gradual shifting of stress from the lapped bar to the 
continuous bars as the bond strength was reached. Some of the 
bond failures, however, were very evident from an examination of 
the load-stress curves of the lapped bars outside the limits: of the 
splice. The strain in the bar at that point reached a maximum, as 
shown in figures 25 and 26, and either remained at that value or 
decreased with an increase in load. The breakdown of bond was also 
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Ficure 25.—Load-stress relation for lapped bars outside limits of splice. 






































Beams of series B; %-in. bars. Stress values are the product of the modulus of elasticity and obse rved 
strains. 
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reflected, to some extent, by a change in the slope of the load-strain 
curves for the continuous bars at this.section of the beam. 


2. AVERAGE BOND STRENGTH 


Table 5 lists the maximum average bond stress developed by the 
various lapped bars. The values are based on the maximum tensile 
stress reached at a point just beyond the limits of the splice and on 
the total length of bar embedment, which was considered to be the - 
distance from the free end of the bar to the midpoint of the first gage 
line. fi 
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FicurE 26.—Load-stress relation for lapped bars outside limits of splice. ; 


Beams of series B. 1-in. bars. Stress values are cap guecinss of the modulus of elasticity and observed 
strains. ‘ 
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TasiLe 5.—Average bond stresses developed by lapped bars just before failure 
[Tests of series B] 
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Bar No. 2 Bar No. 1 
Speci- Length | ' 
Specimen men fof embed-| a 
number | ment Tensile Bond Tensile | Bond 
| stress Stress j| stress | stres 


¥%-IN. BARS 


ai 
* 60, 000 
* 60, 000 
* 60, 000 
* 60, 000 
* 60, 000 
* 60, 000 
* 60, 000 
39, 000 
45, 000 
45, 000 
40, 500 


B-40 
B-30 
B-30x 


B-20 
B-20x 
B-10.. 
B-10x 








1 
1 
1 
1 
2 
1 
2 
1 
2 
1 
2 


1-IN. BARS 


| 
| 


43 * 60, 000 
33 * 40, 000 
33 * 40, 000 | 
} 2 * 60, 000 | 
y 23 43, 500 | 
23 | ° 43,500 
2 45, 000 | 


_| a 


* Tension failures, 
> Tension failures in continuous bar. 


The characteristic increase in the average bond strength for de- 
creasing lengths of bar embedment is indicated in the table. Obvi- 
ously, the bond stresses given for those speeimens that failed in tension 
are not necessarily the average maximum values the bars are capab! 
of developing for their particular length of embedment. Where bon 
failures are indicated, the performance of the lapped bars that were in 
contact with each other again compare foe with those spaced 
1% diameters apart. 


3..EFFECT OF GAGE HOLES ON THE AVERAGE BOND STRESS 


Undoubtedly the exposure of the bar at each gage hole affected t! 
bond strength in the immediate vicinity of the hole. - However, the: 
was some evidence to indicate that the average bond strength of t! 
entire embedded length of the bar was not significantly affected } 
these holes. Within the region of the splices in beams of series. A, tl 
holes in the concrete exposed approximately 4 and 7 percent of th 
surface area of the 1-in. and \-in. bars, respectively. Figure 27 shows 
load-stress diagrams for the 20- and 30-diameter lapped bars at 
point 2% in. beyond the ends of the splices. Comparison of tly 
diagrams reveals little, if any, difference in the data from tests 0! 
series A and series B at this point. The data from series B, represent 
by solid symbols in the diagrams, are the average values obtained fron 
duplicate tests, whereas the open symbols represent but a single t 
Ordinarily, a comparison of the maximum loads between correspond: 
ing beams, at least for the shorter splices, would indicate the effect 0! 
exposing the reinforcement in this manner. However, ultimat 
failure of most of the beams in series A was due to yielding of the re- 
inforcement. 





Lapped Bar Splices in Concrete Beams 





Series 


A o é 
4 8ars spaced if cba. 
© | 4 +* fn cortact 


60 * Av. of Specitrrerts /$ 2 


















































Loo” “7 1000 pow7as 






































3-077 oli. Bors 



































Terrsile stress 20000 51+ —§<| 


Fiaure 27.—Comparison between load-stress diagrams of series A and]series B. 


Stress outside limits of splice. Stress values are the product of the modulus of elasticity and 
observed strains, 


VI. DISCUSSION OF RESULTS 
1. GENERAL DISCUSSION 





It is recognized that much of the data presented are based on single 
tests, from which sound conclusions may not always be drawn. It 
i9 significant, however, that, except where observations of bar slip 
were conce ned, the data were consistent from specimen to specimen. 
for example, comparisons of bond stress and its manner of distribu- - 
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tion were made between the two types of splices and, although each 
comparison was based on a single test, the six different. specimens 
exhibited consistently similar characteristics. Differences in the 
behavior of the two types of bars were likewise consistent. 

Curves showing the distribution of stress along the lapped bas 
should, to some extent, be considered as qualitative. They indicate 
the general.manner of stress distribution for each length of splice. 
Average values from two or more tests would: perhaps differ from 
those shown. 

It should be noted also that the splices that were tested ‘were 
single bar splices flanked by two continuous bars. Different results 
might have been obtained had the specimens contained multiple lap 
splices without the accompanying continuous bars. Previous un- 
published tests of beams constructed of Haydite concrete and con- 
taining only multiple splices indicated that a greater cover than. nor- 
mally provided around the outermost bars of the beam was necessary 
if they were to assume their share of the total stress. Lapping of al 
bars at a section of a flexural member is, of course, not to be recom- 
mended in practice. The presence ef continuous bars prevents the- 
sudden and violent failure that may occur when all bars are lapped. 


VII. SUMMARY OF TEST RESULTS 


The following briefly summarizes the results of the tests: 

1. The bars lapped 30-bar diameters or more developed, at the 
limits of the splice, the yield strength of the steel, a value which in 
some instances was as much as 60,000 psi. 

2. There was little difference observed in the behavior of splices 
containing ‘bars spaced 1%-bar diameters clear or with the lapped 
bars in contact. it should be noted that, as far as bond resistance is 
concerned, the bars used in. these tests contamed a type of lug pat- 
tern probably superior to many commercial bars. 

3. Bond stress was greatest near the free end of the lapped -bar. 
The maximum values occurred at approximately the same tensile 
stress at the loaded end of the bar, regardless of the length of lap. 
A possible exception to this was the 20-bar-diameter splice. 

4. With two exceptions, the magnitude and distribution. of the 
slip along the lapped bars was similar for a given type and size of 
bar, regardless of the length of lap. 

5. The general behavior of the %-in. bars was similar to the 1-in 
bars, insofar as bond and tensile stresses were concerned. Differ- 
ences in bar slip are noted in item 8. 

6. There was some evidence to indicate that the gage holes in the 
orga of the beams did not seriously affect the strength of the 
splice. 

7. The No. 2 bar which had a considerably greater bearing area 
of the lug per inch length of bar, not only picked up stress at its free 
end in the splice more rapidly but developed greater maximum bond 
— than the No. 1 bar. 

8. The 1-in.-diameter No. 1 bar exhibited a considerably greate! 


slip for a given bond stress than any of the other bars. The differ 
ences between the two types of bar of the ¥4-in. size were minor. Both 
showed slightly less end slip than the 1-in. No. 2 bar for a given bond 
stress at the free end of the bar. 


Wasuineton, March 21, 1945. 
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VAPOR PRESSURES AND BOILING POINTS OF SOME 
PARAFFIN, ALKYLCYCLOPENTANE, ALK YLCYCLOHEX- 
ANE, AND ALKYLBENZENE HYDROCARBONS’ 


By Charles B. Willingham,’ William J. Taylor,* Joan M. wr end Frederick’ 
D. Rossini 


ABSTRACT 


Measurements of vapor pressures and boiling points, over the range 47 to 780 
millimeters of mercury and above about 12° C, were made on 52 purified hydro- 
carbons: The apparatus consisted of an electrically heated boiler, a vapor space 
with a vertical reentrant tube containing a platinum thermometer having a 
resistance of 25 ohms, and a condenser. Measurements of the temperature of © 
the iquid-vapor equilibrium were made at 20 fixed pressures maintained auto-. 
matically. he values of the fixed pressures were determined by calibration of 
the apparatus with water by using the vapor pressure-temperature tables pre- 
pared at the National Bureau of Standards. 

The experimental data on the hydrocarbons were correlated, ‘the method of 
least squares being used, with the three-constant Antoine. equation for vapor. 
pressures, log P= A— B/ (C+) or t=B/(A—log P)—C. Experimental data, 
together with the values of the three constants of.the Antoine equation, appli- 
cable over the range of measurement, are reported for 30 paraffin, 4 alkyleyclo- 
pentane, 10 alkyleyclohexane, and 8 alkylbenzene hydrocarbons. 


CONTENTS 


. Introduction - 
Apparatus and procedure. - ale 
II. Determination: of pressures 
’, Source and purity of the compounds. OSS 
’. Experimental.data on 52 hydrocarbons 
. Correlation of the data with the Antoine equation _ 
1. Method of correlation__-_--_-_------- } 
2. Results of the correlation _-- - 
.. Discussion - 
. References - - 


I. INTRODUCTION . 
On 52 purified hydrocarbons, all but.1 of which were prepared in 


connection with the work of the American Petroleum Institute: 


' This investigation was performed at the National. Bureau of Standards jointly by the American}Pe- 
tmleum Institute Research Project 6 on the Andlysis, Purification, and Properties of Hydrocarbons and 


the Amerfean Petroleum Institute Research Project 44 on the Collection, Analysis, and Calculation of © © 


Data on the Properties of Hydrocarbons. This paper contains material to be submitted in a thesis to the 
University of Maryland by Charles B. Willingham in partial nn of the requirements for the degree 
of Doctor of Philosophy. "The interest and advice of Professor M. M. Haring are gratefully acknowledged: 
Pee mir] Associate on the American Petroleum Institute Research Project 6 at the National Bureau 
darcs 

: we Associate on the American Petroleum Institute Research Project 44 at the National Bureau . 
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Research Project 6 at the National Bureau of Standards, measyr. 
ments of vapor pressures and boiling points were made over the rang, 
47 to 780 mm Hg and above about 12° C. This paper describes tj), 
experimental procedure and apparatus, gives the method of caleyls. 
tion used in correlating the data with the three-constant Antoi), 
equation for vapor pressures, and presents the experimental data an, 
results of the calculations for 30 paraffin, 4 alkyleyclopentane, 1; 
alkyleyelohexane, and 8 alkylbenzene hydrocarbons, together wit} 
some discussion of the results. 


II. APPARATUS AND PROCEDURE 


For the measurements of temperature, a precision platinum resist. 
ance thermometer (25 ohms, Leeds & Northrup Serial No. 318514 
and a Miieller-type resistance bridge with thermostated coils (Leeds 
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FicgurE 1.—Diagram of the assembly of the boiling-point apparatus 
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Ihe letters have the following significance: A, Boiler, etc.; B, mercury manometer for regulating the 
ure; C, simple mercury manometer for indicating the pressure in the system; D, valve outlet to the atr 


phere; &, gas reservoir for the pressure control system; F, pressure pump; G, vacuum pump; //, J, \ 

& Northrup Serial No. 373146) were used. ‘The thermometric sensi- 
tivity was.such that | mm on the scale was equivalent to 0.0007 
degree centigrade. 

A diagram and description of the parts of the assembly of the appa- 
ratus used in this investigation are given in figure 1. 

Details of the boiler and related parts of the apparatus‘ are show 
in figure 2. 

The manometer for regulating the pressure at 20 fixed points 1 
shown in figure 3. <A detailed view of the top part of the manomet 
tube is shown in figure 4. The contacts were tungsten, sharply 
pointed, and shaped as shown in figures.3 and 4. For cleaning th 
tungsten-point contacts, the manometer ‘tube was filled with a con- 
centrated solution of sodium hydroxide and an alternating curren! 
(at 110 volts) was intermittently passed between two contacts 4! 
intervals of about.2 seconds until each point contact had a clean 
metallic appearance. For this latter procedure, the contacts wer 
taken as follows: First and eleventh; second and twelfth; third and 





‘Since the completion of this investigation, a number of a One att have been made in the boiler 


part of the apparatus for use in subsequent measurements [14]. One of the improvements consisted " 
replacing the condenser and reflux regulator with the new design recently described: [15]. 
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ri@URE,2.—Details of the boiler and related parts of the boilirig-point apparatus, . 


he letters have the following significance: A, Tube through which the sample-is introduced; B, platinym 
resistance thermometer; C, stopcock; D, D, condensers; £, ground glass valve for withdrawing distillate 
ve reference,{1]); #, thermocouple, for measuring difference in temperature between the wall of the glass 

lerand the jacket; G, metal control for the groundglass Valve (see reference [1]; H, receiver for recovering 
ample at the conclusion of the measurements; J, receiver for collecting distillate removed from the head 
luring the experiment; J, glass well for the platinum resistance thermometer;. K, ‘radiation shield of 
uuminum foil; L, electric heater for boiling the liquid in the pot; M, jacket, 4-in. wall, of aluminum; N, 
tube for withdrawing sample from the pot; O, thermal insulating jacket, Pyrex glass cylinder with an 
asbestos layer covered with aluminum foil; P, flat electric heater for the aluminum jacket; Q, transite 
ipport; R, thermal insulation, covered with ahiminum foil; W, glass rod supports for the thermometer . 
well; X, glass rod,“‘spiders”; Y, connecting tube for equalizing pressure; 7, transite collar for centering 
wiley 
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Ficure 3.—Manometer for regulating the pressure at 20 fixed points. 
The letters have the following sighificance: A, Mercury reservoir; B, transite-blocks; D, throat: E, ap 


mate distances, in millimeters from the top céritact to the other contacts; F, glass male to metal fems 
pressure system and boiler; a, holes for bolts to support frame 
in. channel steel back of board; c, holes for electric .wire leads 


joint (see reference (2]); G, connection to 
wall; 6, bolts holding transite board to 1 
All dimensions shown are in millimeters. 
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thirteenth; ete. After all the contacts were prepared in this manner, 
the manometer tube was washed thoroughly with water and dried.: 
The Bureau’s Glassblowing Shop evacuated the manometer, baked it 
at 150° C for about 4 hours, and then distilled into it the appropriate 
amount of mercury. In the assembly of the manometer, the wiring 
was arranged so that in the 6-volt direct-current circuit the mercury 
was positive with respect to the tungsten. In operation, the mercury 
manometer was encased in an air thermostat. As shown in figure 5, 
the air thermostat .was provided with an electric space heater, a rotary 
air circulator driven by a motor mounted outside the thermostat, a - 
mercury thermoregulator, and appropriate relays. The temperature 


Figure 4.—View of the top portion of the manometer tube. 


The letters have the following significance: A, Copper wire connections to the relay controls (K in fig. 6); 
B, tungsten rod (No. 16 AWG), shaped and pointed as shown (see text); C, seal of tungsten rod through 
Pyrex Uranium and Pyrex Clear glass. 


inside the air thermostat was maintained constant to about +0.02 
degree centigrade. 

The wiring diagram for the apparatus is shown in figure 6. 

For the purpose of making measurements 10 to 15 degrees centigrade 
below room temperature, in the case of the more volatile compounds, 
a vacuum-jacketed condenser, cooled to near — 80° C with solid carbon 
dioxide in a 50:50 mixture of carbon tetrachloride and chloroform, was 
placed between the upper condenser (D, fig. 2) and the pressure control 
system. For such measurements below room temperature, the 
aluminum jacket (M, fig..2) was cooled to about 10 degrees centigrade 
below the boiling temperature by means of a stream of air cooled by 
passing through a coil of metal tubing at —80° C (see above). . The 
cooled air passed into the space between M/ and OQ in figure 2. 

The procedure for performing a series of measurements on a given 
hydrocarbon was as follows: : 

With appropriate refrigerants having been placed in the condensers, 
the system for regulating the pressure was set at the lowest contact 
(pressure near 47 mm Hg),° started, and permitted to adjust itself 
automatically at this pressure. The stopcock between. the boiler and 
the pressure system was then closed and dry air was let into the boiler 
part of the apparatus through the stopcock on the réceiver (J, fig. 2). 
About 30 to.50 ml of the substance under investigation was introduced 
into the boiler through the filling tube (A, fig. 2). The openings to 
the atmosphere were then closed, and the stopcock between the 
boiler and the pressure-control system was opened. The pot heater 


EE 
; ‘For the more volatile compounds, the lowest ‘pressure of measurement was that corresponding to a 
#mperature of about 12° C, 
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(L, fig..2) was turned on and adjusted to.give a reasonable boiliyy 
rate. After equilibrium was established 1 ml of liquid was remove) 
from the condenser through the ground-glass valve (E. fig. 2) into th: 
receiver (J, fig. 2). This procedure served to remove traces of wate; 
that may have gotten into the boiler from the atmosphere during thy 
introduction of the sample. The temperature of the aluminuy 
jacket (MM, fig. 2) was adjusted to a temperature about 10 degrees 
centigrade below the boiling temperature. 









































Figure 5.—Manometer assembly, showing the air thermostat. 


The letters have the following significance: A, Box enclosure with walls of transite (the cover is not show! 
B, aluminum foil, covering inside and outside surface of the transite box; C, partial partition wall 
transite (both sides covered with aluminum foil) serving to guide the flow of air; D, rotary air circulator 
E, electric motor, mounted independently of the thermostat housing; F, electric space heater, 100 watts 
G, mercury manometer; H, connection to electric power through relay contacts (G in fig. 6); J, connectiot 
to relay coil (Gin fig. 6); J, mercury thernioregulator; K, connection to pressure system; Z, mercury-! 
glass thermometer. 


At each of the 20 contacts in turn, conditioning of the controlling 
manometer to obtain high reproducibility was made as follows 
The pressure was increased about 7 mm above the contact corre- 
sponding to the selected pressure by admitting dry air or inert gas 
through the appropriate valve. The pressure was then reduced to 
about 7 mm below the contact corresponding to the selected pressure 
The pressure was then increased slowly to the selected. value where 
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'iguRE 6.— Wiring diagram for boiling-point apparatus. 


The letters have the following significance: A, Power from main line; B:, B:, double-pole, single-throw 
Swit hes; C, variable transformer, 750 watts; D, jacket. heater; E, variable transformer, 100 watts; F, pot 
heater; Gi, Gs, small relays, 6 volts, direct current; HM, air heater, and J mercury thermoregulator, for 
eontrolli ng air thermostat for main mercury manometer (fig. 3); J, rectifying transformer, 100 volts alter- 
hating current to 6 volts, direct current; K, single-pole, double-throw switch; LZ, 21 contacts for main 
; rad manometer; MM, main relay; N, double-pole, double-throw switch; O, pressure pump; P,.vacuum 
ump, 
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it was thence controlled automatically. This procedure was empi. 
cally found necessary in order to obtain a high degree of reproduc). 
bility at the respective contacts, in terms of the pressure produced 
in the system. During the automatic control of the pressure, th 
leak into the system was adjusted so that the vacuum pump (sharply 
throttled by a needle valve) operated for about 1 second every ‘ 
minutes. The range of pressure in this cycle, as determined fron 
changes in the temperature of the liquid-vapor equilibrium during 
the cycle, was on the average about 0.07 to 0.10 mm Hg, with son: 
contacts giving a better performance and others somewhat poorer 
Observations of temperature (resistance) corresponding to the give; 
pressure were made just at the moment the contact (mercury-tung. 
sten) was made to start the vacuum pump, which occurred at thy 
highest pressure in the cycle. Several readings were made at thy 
given pressure in this way. Then the apparatus was adjusted to the 
next. higher pressure and similar observations were repeated at this 
higher pressure. This procedure was continued to the highest pres- 
sure measured (near 780 mm Hg). For the several pressures aboy: 
the prevailing atmospheric pressure, the pressure pump was used 
in place of the vacuum pump, with the observations of temperature 
(resistance) being made at the moment contact (mercury-tungsten 
was broken to start the pressure pump, which oceurred at the lowest 
pressure in the cycle. With the observations made in the foregoing 
manner, the actual reproducibility of pressure at a given contact over 
a period of several weeks was normally in the range of 0.02 to 0.0; 
mm Hg. (See sections III and VI.) 

The calibration experiments with water were performed in exactly 
the same manner as with a liquid hydrocarbon. 

The rate of boiling was adjusted so that. condensation of the hydro- 
carbon or water was visible in the lower end of the condenser. It was 
found that doubling this rate of boiling had_no significant effect upor 
the temperature of the liquid-vapor equilibrium. For example, wit) 
2,2,3-trimethylpentane, at contact R, with a normal power input of 
70 watts, the observed temperature was 40.6215° C, and when th 
power input was increased to 125 watts, the observed temperatur 
was 40.6231° C. 


III. DETERMINATION OF PRESSURES 


The values of the pressures produced by the apparatus whe 
controlled at the 20 fixed points were determined from measurements 
of the temperature of the liquid-vapor equilibrium made with water 
in the apparatus. The vapor pressure of water at 1-degree interval 
from 35° to 103° C was taken from table 2 of Osborne and Meyers 
[3], together with unpublished small revisions of these values by Meyers 
and Cragoe [4]. ‘ From these values, several values were interpolated 
(by Lagrangian five-point curvilinear interpolation) at 0.1-degree 
intervals in the neighborhood of the temperature of the liquid-vapor 
equilibrium for water at each of the 20 fixed: pressures. The final 
calculation of the pressure at each observed temperature was mac 
by linear interpolation within the 0.1-degree intervals. 

Figure 7 is a plot of the observations made with water in the 
apparatus over the period from November 1941 to May. 1943, snd 
shows on an enlarged scale the calculated pressure at each contac! 
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for each observation over this period. The observed points wer 
connected. by straight lines, as dome in figure 7, and the pressure 
to be assigned to the measurements made on a given compoun( 
were interpolated from these lines. Calibration measurements wer 
erformed on. the. following dates: November 3, 12, and 13; and 
Jecember 8 and 9, 1941; April 16, 17, and 20, May 12, October 13 
and 15, and December 15, 1942; and February 23, March 16, April 15 
and May 8 and 20, 1943. 

In the experiments with the hydrocarbons, correction was mai 
for the difference in pressure exerted by the column of hydrocarboy 
vapor over the pressure exerted by the column of water vapor, 
between the location at which the temperature of the liquid-vapor 
equilibrium was measured and the location at which condensation 
occurred in the condenser (a vertical distance of about 28 cm 
The value of this correction to the pressure is, for a given compound, 
a substantially constant percentage of the pressure, far within the 
precision of the measurements. At 760 mm, the value of this correc. 
tion varied from 0.04 to 0.08 mm, corresponding to a renge ¢f 0.002 
to 0.004 degree centigrade. 


IV. SOURCE AND PURITY OF THE COMPOUNDS 


With the exception of cyelopentane, which was supplied by Fensk 
[10] and used as received, the hydrocarbons measured in the present 
investigation were purified in connection with the work of the Amer- 
can Petroleum Institute Research Project 6 at this Bureau. A con- 
plete description of the purification and properties of the compound: 
appears in another report [8]. The purity of these compounds is 
summarized in table 1. All the compounds examined in the present 
investigation were produced as “heart cuts’ from distillations, in- 
cluding beth regular and azeotropic, performed at a reflux ratio of 
100 to 1 in columns of 100 or more theoretical plates [8, 16]. Non- 
hydrocarbon impurities were removed by adsorption with silica gel 
[17], which treatment also served to assure that the paraffin ani 
cycloparaffin compounds were freed of any possible aromatic impur- 
ties. From the method of preparation and purification of thes 
compounds, it is concluded that (a) the remaining impurities wer 
substantially isomeric and close-boiling and (b) their amount was 
such as to have no significant effect upon the measurements, within 
the limits of uncertainty (see section V1), with the possible exception 
of 2,3-dimethylhexane. 
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TaBLeE 1.—Purity of the compounds investigated, 
r cyclopentane, Which wag used as received [10], and n-dodecane, which was previously ey 


*roject 6 


by means of azeotropic distillation in columns of high efficiency (approximately 100 theoretical plates) at 


a bigh rei 





* Det 


Compound 


PARAFFINS 


n-Pentane..- 
2-Methylbutane (isopentane) 
n-Hexane - - 
2-Methylpentane 
3-Methylpentane 


2,2-Dimethylbutane 
2,3- Dimethyl butane 
n-Heptane. -. . 
2,2-Dimethylpentane 
3,3-Dimethylpentane 


n-Octane. 
2-Methylheptane 
3-Methylheptane 
4-Methylheptane 
3-Ethylhexane 


2-Dimethylhexane = 
3-Dimethylhexane i 

2,4- Dimethylhexane n 
2,5-Dimethylhexane 

3,3-I 


9 
> 


2 
2, 

3,3- Dimethylhexane 
3,4-Dimethylhexane . 
2-Methy!-3-ethylpentane . 
3-Methyl-3-ethylpentane 
2,2,3-Trimethylpentane -- 
2,2,4-Trimethylpentarie - 


2,3,3-Trimethylpentang . “ 
2,3,4-Trimethylpentane 
n-Nonane 

n-Decane . 

n- Dodecane 


Cyclopentane.. . 
Methylcyclopentane 

n-Propylcyclopentane 
Isopropyleyclopentane 


ALK YLCYCLOHEXANES 


Cyclohexane 
Methylcyclohexane 
Ethyleyclohexane 
cis-1,2-Dimethyleyclohexane 
trans-1,2-Dimethylcyclohexane 


cis-1,3- Dimethyleyclohexane 
trans-1,3- Dimethylcyclohexane 
cis-1,4- Dimethylceyclohexane 
trans-1,4-Dimethylcyclohexane - 
n-Propylcyclohexane 


ALKYLBENZENES 
Benzene 
roluene 
Ethylbenzene ° 
o-X ylene 


m-Xylene 

p-Xylene... ° 
n-Propyibenzene 
Isopropylbenzene 


ALKYLCYCLOPENTANES. 


jux ratio (100 to 1) from starting material obtained from vatious sources [8].] 


+ Amount of | 
impurity* 


Mole 
fraction 
| +» 0.0014 | 
| . 0054 
. 0009 | 
0011 | 
b(. OO1F 


0006 
0010 
0012 

. 0002 

. 0017 


0004 

.010 

. 006 

. 0015 | 
b(<.. 02 


OOS 
05?) 
“b(<. 02 

010 
, <.005 


b(<. 02) 
G05 
005 
007 

} 0012 


. 0059 

. 0016 
<; 003 
<. 004 
<. 000F 


0. 0008 
0013 
. 005 
0028 


0. 0001 
. 0029 
. 0024 
. 0011 

009 


023 
O1s 
010 
004 
<. 008 


O04 
ool 
004° 
. VOUS 


. 0028 
. 0010 

0028 
. 0004 


termined from measurements of freezing points, unless otherwise indicated {8}. 


Estimated by analogy with isomers subjected to similar preparation and purification [§). 
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V. EXPERIMENTAL DATA ON 52 HYDROCARBONS \BLE 
In table 2 are given the experimental data on the temperatures anj = 
pressures of the liquid-vapor equilibrium, obtained as described Mm ¢ 
the preceding sections, for the 52 compounds, comprising 30 paraffi, [%-— 
4 alkyleyclopentane, 10 alkyleyclohexane, and 8 aromatic hydrocgy. pas 
bons. The date of measurement of each compound is also given, |, sus 
those cases in which two samples of the same compound are included si 
they are distinguished by the roman numerals I and IT. 

















°C 
. , »” 
TABLE 2.— Experimental data for 52 hydrocarbons on the temperatures and pressure A 
of the liquid-vapor equilibrium §5. 344 
ae SL Pe ae > " a M4. 793 
1} — 
t P t t | t I 
ES AO Ke Poe =| — || 9 
‘ :' \| o9-Methy . -Methy . Il oo. : 53. 385 
n-Pentane || (isopentane) "| n-Hexane |} 2 a “poe | 3 Methyipen | 2,2 Dimethyt 
March 30, 1943 | a ) || March 31, 1943 ’ pee... at ECA - 
| April 21, 1943 || March 25, 1943. |} March 26, 1943 || March 24, 194 38, 804 
} . 
a PS ee UN RET EY Gea IE GEE SESS Gey es, 
7 jmm He|| °C lmm Hg| *¢ |mm Hg °C |mm Hg|| °C |mm Hell °C imm kr 
36.818} 779.40)| 28.587) 779. 48) 69.541; 779. 41 61.066} 779.37|| 64.083) 779.38)| 50.529] 770% 
36. 379) 768.01); 28.160) 768.08} 69.081) 768.02|| 60. 602) 767. 99)! 63.617) 768. 00! 50.074) 768.0 9. 484 
35.890) 755.27) 27.673) 755. 31|| 68.540) 755.27|| 60.074) 755. 26|| 63.084) 755. 26|| 49. 544) 755.5 9mm 2 488 
35. 453) -744.07|| 27.240) 744. 11||  68.067| 744.09|| 59.607) 744. 07 | 62.610} 744.07|| 49.078) 740m 
34.981) 732. 09) 26. 77 732. 12 67.554) 732. 10)| 59.099; 732.090 62. 098) 732. 10)| 48.575) 732% —— 
30. 592) 627. 95 || 22.435) 627.97|| 62. 785| 627.95|| 54.388) 627. 94! 57.340) 627.94 43.893) 627.% 
24.374) 500.71|| 16.291) 500.74) 56.030) 500.72)! 47.714) 500.70|| 50. 598| 500. 70) 37. 260) 500.7] 3Mett 
18.647} 402. 46) | \| 49.803) 402.45); 41.567) 402.44)|} 44. 389) 402. 45)| 31.175) 4024 tane 
13.282) 324. 94)| 43.067) 324.94 35.810! 324.93 88.574) 324.94 25.472) 324% Decem 
| | 38.311) 261. 74 30. 237| 261.75); 32. 941) 261. 75 19. 946) 261.75 19 
|} 33.631) 217.19 217. 18)| * 15. 376) * 217 - 








25.617; 217, 18} 28. 270 

































































| | 28.528) 175.90)) °20. 175. 90!) . 23.189} 175.90 
] | || 24.717} 149. 41/| * 16, 820] #149. 42!| * 19. 393] *149. 42/| °C 
| | |} 20.618) 124. 66)| *12. 758) * 124. 66|| * 15. 200) * 124. 66)! 
| || * 16. 576) * 103. 65)/ i| 119. 299 
| | || *13.033] * 87. 74]| | 118 703 
} 118. 169 
» $s ee —<—<——— = — 117. 593 
2,3-Dimethyl- || n-Heptane n-Heptane | 2,2-Dimethyl- || 2,2-Dimethyl- | 3,3-Dimethy 
butane 1} (II) pentane pentane pentane 
March 24, 1943 March 27, 1942 April 10, 1943 January 21, | January 20, January 6 to8 01 Nee 
| 1942 1943 ] 1942 ~ 
| . . = 4. 707 
°C mm Hg °C \mm Hgi| °C imm Hg} °C imm Hge!|| °C immHgi| °C mm it 80. 406 
58. 789). 779.37); 99.285) 779.37|] 99.289) 779. 47 |} 80.050) 779.35)| 86.928) 779.2 64.78 
58.320} 767.99|| 98.773) 768.Q1|| 98.781| 768. 0s| || 79.550) 768.04|| 86.421! 767.8 ™ 
57. 790) . 755. 26); 98. 207; 755: 23|| 98.217| 755. 31)| 78.995) 755. 28 
57.317|. .744.07|| 97.702] 743.96|| 97.710) 744 11| || 78.496) 744.07|| 85.335) 743.4 
56. 806} 732.09)|° 97.154) 731.99)| 97.160] 732.12) || 77.950) 732.11 84.780, 731 x 50. 13 
52. 060} 627.94/) 92.053) 627.85)/ 92.060) 627.98)| 72.945) 627.70|| 72.958) 627.94|/ 79.651) 627.6 48. 63 
45.339} 500.71|/ 84.823) 500.66)| 84.832) 500.75|| 65.868) 500. 56|| 65.879) 500.72)) 72. 384) 500. 4 
39.150) 402.44) 78.169) 402.39)) -78. 169) 402. 47 59.349) 402.37|| 59.362) 402.46/| 65.607) 4025 =— 
33. 357] 324.93)| 71.930) 324.97|| 71.926) 324.94)| 53.255) 324.96)| 53.261) 324.99)| 59. 440 324.4 
27.746; 261.75)| 65.882| 261. 75) 65.877) 261.74)| 47.348) 261.72)) 47.359) 261.79|) 53.370) 26! 2 24-D) 
23.099] 217.18|| 60.862) 217. 14); 60.859) 217. 22 | 42:445] 217. 17|| 42.454) 217.21|| 48.340) 217.) ; he 
* 18. 044} * 175. 90 55.394) 175.84 55.400) 175.91 7.120} 175. 81) 37.120) 175.94); 42.872) 1758 Dece 
* 14. 256) ® 149. 42)| 51.320) 149.41|| 51.320) 149.40 | 33.151) 149.40)) 33.160) 149.46)/ 38.790) 149.9 l 
| 46.920) 124 54|| 46 929) 124.65)| 28.870} 124.60); 28.879) 124.68) 34.406) 124 = 
|| 42.599) 103. 67|] 42. 597/ 103. 66)| - 24. 676| 103. 69|| 24. 670} 103. 68|| 30.086, 103.7 ' 
|| 38.822) 87.7 38. 795) 7. 721 20. 98 87.78|| 20.979) 87.74)| 26.318 87.4 &C 
|| 36.017 77.34|| 35. 993) 7. 28)| 18.246 77. 37 18. 253 77.31 23.521) 7 & 110.82 
i] 33. 024 67. 33|| . 32. 973) 7. 22 15. 325 67. 27 20. 533) 6 3” 109. 80 
|| 29.600) 57. 49|) 29.648) 57. 42) } 17.221] 57.58 100. 20 
| 25.925! 47.7 25. 827 7. 66 | 13.443, 4.8 is " 
108. 10 
- —---- —--—--.- - -- 102° 80 
* This point was not used in.the evaluation of the constants A, B, and C of the Antoine equation 5. 2 
MA. 3. 
51. 87 
75. 8 
70. 38 
4.7) 
0. 4 
55. & 
51. 4 
47. 5 
4.6 
4.5 
45,4) 
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S spe 2.—Experimental data for 52 hydrocarbons on the temperatures and pressures 
of t the liquid-vapor equilibrium—( continued 
S and s }] |  - | Mein ] . a 
ad ip t = eS & te 8 Se I i t I t I 
afin J —_—— —-——— | |_| ———__|-—_-——_- 
ocar. 3, 3-Di- n-Octane (1) | n-Octane (II) ae 2- Methyihep- | 3 a pD- 
* Bvetbylpentane || February 23 Detember 31 ane (1) me (tt) ane @ 
Ns 7) ’ ° February 6. December 23, April 2, 1942 
[nfm January 21, 1942 1942 ’ 
j “ 1943 1} 1942 1942 
1ded {ae es — - ht. Se sleet en ee ST 
°C Imm He} °C imm Hg °C |mm Hg|| °C —_ He. °C \mm He °C |aom Hg 
|| 126. 570| 779. 32 |} 118. 544) 779. 31) 119.814) 779.37 
6.429 768. 03|| 126.035! 767.96 | 126.040) 768. 09|| 118.022) 767. 94)/ 118.020) 768. 11 119. 283 768. 01 
S8ure MMM 95 854 755. 28|| 125.433) 755.03\| 125.442) 755. 29|| 117.426) 755.00) 117.427} 755. 20|| 118. 693) 755. 08 
5.344 744. 07|| 124. 899) 743. 92)| 124.906) 744.06) 116.888) 742 74)| 116.895) 744. 06)| 118.160) 743. 98 
44.793 782. 11)) 124.319) 731.94)) 124.327; 732.11)) 116.318) 731.92) 116.319) 732. 11] 117. 584, 731.97 
= | 118.924] 627. 77| || 110. or 627. 73 112. 217| 627. 85 
P || 111.277} 500. 61 103. 397| -500. 58 || 104. 616) 500. 66 
+ 104. 233) 402. 38 ||; 96.422) 402. 38 || 97.615) 402.39 
—_ 4.444) 324.98) 97.635). 324.97)) 97.633) 325.00)) 89. 892| 324. 96 || 91.057) 324.98 
4h 59.385, 261.79 | 91.230) 261.73| 91.235! 261.81|| 83.549) 261.73 || 84.608] 261.75 
ay } || 85.916) 217.16 | 78.278) 217.16 || 79.418) 217.14 
ioe || 80.134] 175. 82 72. 580} 175. 81 || 73.676] 175.84 
= 38.804 149.46) 75.820) 149.40] 75.825) 149.48) 68.308). 149.40} 68. 306) 149. 48|| -69.372) 149. 41 
nee 4.355, 124.68)| 71.163) 124.57|| 71.171) 124.69)| 63.711) 124.59) 63.703) 124. 70) 64.775, 124.53 
mn le ||. 66.587} 103. 68 ||" 59.192) 103. 69 || 60.243) 103. 67 
4 || 62.502) 87.77 || 55.229; 87.78 || 56.265) 87. 76 
as || 59.616] 77.36 | 62.301) 77.36 ||. 58.317] 77.33 
—s 90.484 67:27|| 56.456) 67.35) 56.407) 67.29) 49.165) 67.17|| 49.100) 67. 29|| 50.171) 67.33 
eae 17.163, 57.44) “52. 927) 57.53 | © 52.874, 57.46)| 45.687) 57. 55|| 45.612) 57.46|| 46.672) 57. 48 
Loy 41.707' _ 47. 84 42.672! 47.78 
62. % | | | || | 
bax }Methylhep- || 4-Methythep- || 4-Methylhep- |} 3-Ethylhexane || 2,2-Dimethy): 2,3-Dimethyl- 
tane (II) | tane (I) tane (II) 5, hexane hexane 
December 30, April 7, 1942 December 22, December 9, November 19, || November 25, 
1942 1942 1942 1942 1942 
\| 
°C mm Hg} °C jimm Hgi| °C imm Hg) °C mm Hg | °C imm Hg) °C > beaten Hg 
118.605, 779.38 119.439, 779:32'| 107.731] 779. 31)| 116,512] 779.31 
119.209 768. ¢ oa 118.079, 768. 02\| 118.084] 768.11|| 118.911| 768. 12|| 107. 209| 768.09)| 115.985| 768. 10 
118.703! 755. 29 24 117. 483) 755. 09|) 117. 439) 755. 2 118. 311 755. 29|| 106.619) 755. 28|| 115.384) 755. 29 
118.169, 744.06|| 116.949) .743.98|| 116.958) 744.06|| 117.777! 744.05] 106.095} 744.04|| 114.849) 744.05 
= 117, 693] . 732. 11)| 116.376) 731.96) 116.383) 732.11)/ 117.200) 732. 12)) 105.526) 732.11|| 114.271) 732.12 
by || 111.029) 627. 87 | 111,829] 627. 93)| 100. 234| 627.92|| 108.895) 627. 92 
‘ || 108.453] 500. 67| || 104-217, 500. 70}| 92.741) 500. 70)| 101.278) 500. 70 
nf || 96.475) 402. 40) || 97.204) 402. 46/| 85.839] 402, 46 || 94, 262) 402. 46 
. 91.060; 325.00)} 89. 943) 324: 98|| 89.943) 325.00') 90.634) 325.01 79.379) 325. 01) 87. 690) 325. 01 
4. 707|, 261.81|| 83.601) 261.75) 83.610! 261.82)| 84.274) 261.83/| 73.128]. 261. 82) 81.327) 261. 82 
— | 78.347] 217. a4 78.985} 217.24|| 67.935} 217.22|| 76.044) 217. 23- 
Ht 72.620} 175. | | 73.247) 175.97|| 62.292) 175.96|| 70.293) 175.96 
a 60.400) 149.48)| 68.348) 149. at 68.360) 149. 48|| 68.957) 149. 49 082} 149. 47|) 66.010) 149. 48 
Po 0 4.783, 124.69) 63. 746| 124. 53); 63. 760| 124.70); 64.331]. 124.7 53.546, 124.69/| 61. 389| 124. 69 
59.220} 103. 67 59. 784) . 103.69 49. 0s7| 103. 69|| 56.842) 103. 69 
Bu 55. 261 87. 76 55.794) 87. 76|| 45.173) 87.78)| 52.857). 87.75 
a1 8 52.314) 77.33 || 52.846] 77.33!) 42.278) 77.33/| 49. 911} 77.33 
” 90.134) 67.28)) 49, 183 67.32}| 49.152) 67, 29)| 49. 673 67.29|| 39.179 67.29|| 46.750) . 67.29 
, 46.630} 57. = 45. 694 57. 48); 45. 662) 57. 7 | 46. 165 57. 47 35. 747| 57. 43. 245) 57. 46 
41.706) 47.77) 42.144 47.71!! 31.814) 47.71]! 39.239! © 47.72 
24-Dimethyl- 1 2,5-Dimethyl- 3,3-Dimethyl- 3,4-Dimethyl- | 2-Methyl-3- |f 3-Methyl-3- 
hexane | hexane hexane hexane ethylpentane ethylpentane 
Deceanber 1, | December 2, || November 27, December 8, ||: December 10, December 17, 
1942 1942 1942 1942 | 1942 | 1942 
= ———— ia —-« a TaD a Mie. 
bs | HT | | - | i] 
7.19 °C imm H °C lags Hg|| °C .\mm Hg|| °C |\mm Hg!| °'C |mm Hg|| °C \mm He 
7.8 110.823; 779. 31\) 110.000} 779.3}|| 112. 877 779.3 118. 638). 779. 31|} 116. 565) - 779.31); 119.189) 779. 31 
7.9 109.801} 768. Hl 109. 474) 768. 11|) 112.349] 768. 10)| 118.108} 768. 127) 116.035) 768.12), 118. 648) . 768.12 
7. 109. 200) 755. 29|| 108.881) 755. 29// 111. 745|- 755. 29)| 117. 500) “755. 20|| 115. 420) ° 755. 29, 118.031) 755. 29 
1.83 08.681) 744. 05)| 108. 356' 744. 05) 111. 208) 744. 05) | 116.962} 744.05) 114. 888) 744. 05 | 117.482) 744.06 
108.109) 732. gall 107.788} 732. 12|} 110.628) 732.12!) 116.382) 732.12/| 114.306) 732.12)) 116.889) 732.12 
02802} 627.93}} 102. 502) 627. sa 105. 232} 627. 92'} 110.971) 627. 93|| 108.902) 627.93|| 111. 376|"- 627. 94 
05.284) 500. 70|| 95.011! 500.70|| 97.590] 500. 70|| 103.305] 500. 70|| 101.245} 500. 70)| 103. 564) 500. 71 
%8. 358) 402. 46]/ 88.109] 402. 46 | 9 90. 552} 402. 46)| 96.246) 402.46)! 94.195) 402.46)! 96.369) 402.46 
31.874) 325.02}| 81.651| 325. a 83.961} 325.01|| 89.633) 325.01)| 87.590) 325.01/|° 89.632). 325.01 
" 596 261.82/| 75.398) 261.82]! 77.579) -261.82|| 83.230) 261.83) 81.198) 261.°83/| 83.109, 261.83 
0.383 217. 23|/ 70.200) 217. 72.282} 217.23|| 77.910) 217.24|! 75.888, 217.24|| 77.693) 217. 24 
715| 175.97|| 64. 552 HB 66.521| 175. 96|| 72.126) 175.97|| 70.114) 175.97)) 71.801) 175.97 
489 149.48/) 60.341) 149. 48]| 62.228). 149. 48)/ © 67.810) 149. 49)/ 65.810, 149.49|) 67.404) 149. 49 
o. 933) 124. 70 | 55.802} 124. 70) 57.598) 124. 69) 63.158) 124.70). 61.168 124.70 62.665) 124.70 
1.452) 103. 69|| 51.331] 103. 60|/ 53.041/ 103. 69]) 58.579) 103.69)! 56.588) 103. 69|| 58.002) 103. 69 
47.523). 87.76|| 47.416] 87. 76||, 49.049) 87.76)! 54571] °87.76|| “52.592) 87.76), 53.918) “87.76 
4.615) 77.33) 44.517). 77.33) | 46.003). 77.33|) 51.508] 77.33|| 49.632] .77.33| 50.896, 77. 33 
41.502) 67. 29) 4i. 411| 67. 29} 42. 930 67. 20|| 48.413, 67.29|| 46.453! 67.29|| 47.655, 67. 29 
8.048) 57. 47|| 37.972] 57.47|] 39.407) 57.47|| 44.882) 57.47)| 42.935! 57.47|| 44.064, 57. 47 
34.002! 47.71)! 34.028! 47.71!) 35.402 40.832| 47.71|| 38.903 47.71)! 39.950 7.71 


47.711! 














232 


TABLE 2.- 


2, 2, 3-Tri- 
methylpentane | 
May 12, 1943 | 


°C |mm Heg!? 


110.757; 779. 43 
110. 221|. 768. 03) 
109. 618) 755. 29); 
109.078 744.08 
108. 496 732. 11) 
103.085 627,93) 
95.422, 500.69 
88. 362) 402. 39 
81.752, 324. 86 
75. 354, 261. 69 
70.050 217.09 
64.282 175. 88 
59. 972,. 149.33 
55.339 124.53, 
50. 767, 103. 54 
46.768 87.60 
43.800° 77.13 
40. 622 67.12 
37. 119 57. 33 
33. 004 47. 59 
n-Decane 


April 30, 1943 


°C \mm He 
175.121; 779. 47 
174. 538) 768. 07 
173. 882 755. 32 
173.295 744.11 
172. 661) . 732: 13 
166.772 627.97 
158.419 500.72 
150.718 402. 44 
143. 495 * 324. 91 
136.499 261.71 
130. 690 . 217. 15 
124.372 175.90 
119.640 149.36 
114.540 124.58 
109.526 103.60 
105. 118 87. 65 
101. 859 77.20 
98. 352' 67: 16 
04. 481 57. 37 


Cyclohexane |) 
April 14, 1943 


: 779. 49 
81.093, 768.09 
80. 534, 755.32 
8. 037 - 744.13 
79. 502) . 732. 13 
74.520) 627.98 
37. 467, 500.7 
60.969; 402. 48 
54.884) 324.96 
48.991] 261. 73!| 
44.108) 217. 22 
38.798) 175.91 
34.821) 149.39 
30. 556; 124. 65 
26.347; 103. 67 
22. 657 87.72 
19.915, 77.28 





-Experimen 
of the liqu 


" 126.381) 47.7 


t P 
2, 2, 4-Tri- 
—_— 
(1) 


( |, November 18, 

March 25, 1942 April-13, 1943 1942 | 
°C imm He °C imm He °C imm Hg 
100.130, 779. 37|| 100.138! 779.50) 115.688) 779.31 
99. 607; -768,02)} 99.610) 768. 10)| 115.144) 768.09 
99.014 755. 22 | 99.022; 755.32); 114.532) 755. 28) 
98. 487). 743.97|| 98.495) 744.13)) 113.985) 744. 04)| 
97.917) 731/99) 97.926) 732. 14)) 113.392) 732.11] 
92.624, 627.84|| 92.634) 627.98)|| 107.895) 627. 92! 
85.131) 500.65)| 85.141) 500.76}! 100.107) 500. 70) 
78.232) 402. 39/| 78.240) 402.47}! 92.931) 402.46! 
71.778) 324.98 | 71.78}) 324. 07|| 86. 215|- 325. 01) 
65.523; 261.75|| 65.524) 261.73! 79.713) 261. 82) 
60.342) 217.15 60. 346; 217. 22 74.313) 217. 23 
54.608 175.84)) 54.711) 175.91|| 68.447) 175.96 
50.496 149.41); 50.505) 149. 39)| 64.068) 149. 47) 
45.975 124. 54 | 45.977; 124.65 59.347; 124. 49) 
41.517; 103.68); 41.519) 103.67|| 54.711) 103. 69 
37.628 87.76)| 37.609) 87.72!} 50.645) 87:75 
34. 746 77. 34 34. 722 77. 28 47. 635 77. 33 
31.668 67.33.) 31.620) 67.23)| 44.412) 67. 29)| 
28. 249 57. 49 28. 201) 57. 42 40. 842 57. 47 
24. 358 47.79 24. 274 47. 66 36. 752 47.71 
n-Dodecane Cyclopentane M > 


Mag 6, 1942 


*C mm Hg 
217.345 779.39 
216.712| 767.95 
216.006 755.10 


215. 383° 743. 98 
214.709 732.02 
208.417 627.81 
199. 488 § 500. 67 
191.255 40244 
183.537 325. 01- 
| 176.039 261.74 
169.814 217.13 
163. 030 75. 84 
157.986 149. 39 
152.529 124:59 
147.152 103. 63 
142. 444 87.73 
138. 962 77. 30 
135. 228 67. 29 


131. 108 57 





Methylcyclo- 
hexane 
April 7, 1943 


°C 'mm Hg 
101.832) 779. 46 
101.312) 768.05 
100.715; 755.29 
100.185 744.10 
99.614) 732.12 
94.299 627.96 
86.771| 500.74 
79.840) 402. 46 
73.349 324. 95 
7. 067; 261.74! 
61.857, 217. 20 
56.194 175.91 
51. 964, 149. 40 
47.407; 124. 65 
42.929 103. 66 
38.998 87.73 
36. 089 77. 28 
32. 976; 67. 22 
29. 533 57. 42 
25. 586! ° 47. 66 


t P 


2, 4-Tri- 


2 
methylpentane | 


; 


| | 
t x 
2,3,3-Tri- | 
methylpentane | 





April 20, 1943 


°C \imm He 
50.031 779. 47 
49. 587| “768. 07 
49.073 755.30 
48.621 744.10 
48.131, 732.12 
43. 57 627. 97° 
37.119° 500.74 
31.172) 402.45 
25.598 324.94 
20.196 261.71 
® 15.707 *°217. 19 


Ethyleyclo- 
hexane 
April 22, 1943 


°C imm He 
132: 742} 779. 48 
132.181) 768.09 
131.551 755. 31 
130.988 744.12 
130.379 732. 13) 
124.723, 627.97 
| 116.709 500.74 
109.327, 402. 46 
102.412, 324.93 
95. 716|° 261.72 
90.158, 217.19 
84.115 175.90 
79. 587, 149.38 
74.738 124. 62 
69.948 103. 64 
65. 755 87. 69 
@2. 655 77. 25 
59. 315 67. 20 
55. 636 57. 40 


51.412 64 


47 


°C imm. Hg 
72. 634| 779. 44 
72.150) 768.05 
71.612 755. 29 
71.128 744.10 
70.604, 732.11 
65. 739 627. 96 | 
58.847; 500.73 
52.499; 402. 46 
46. 552 324. 95 | 
40.791; 261.74 
36.013, 217.20 
30.816 175.91 

' 26.935 149. 40 
22.757, 124. 65 

‘s 18.642 * 103. 66 

® 15.035 *® 87.73 


April 6, 1943 


cis-1,2-Di- 
methyleyclo- 


hexane 
February 16, 
1943 

°C imm Hg 
130. 68 779. 38° 
130.125) 767. 98 
129.491, °755. 27 
128.926 744.08 
128.315) 732.11 
122. 639) 627. 94 
114.600) 500.73 
107.192} 402. 45 
100. 258. -324. 96 
93. 548; 261.76 
87.974). 217. 18)| 
81.921; 175.90 
77.402) 149. 44)! 
72. 533) 124. 67/| 
67.742) 103. 66)| 
63. 543 87.73 
60,429| 77.29 
57.094) 67.25 
53.413) 57.42 
49. 185 47. 65 








t P 

2, 3, 4-Tri- 
methylpentane 

December 3, 


1942 
°C imm He 
114. 381} 779.31) 
113. 852) 768. 11; 
113.241} 755. 29 
112,703) 744.05 
112.121} 732.12 
106. 702| 627. 98 
99.028) 500. 70 
91. 960) 402. 46 
85.341! 325. 01 
78.935] 261. 82 
73.616) 217. 23 
67. 835| 175. 97| 
63.517) 149, 48) 
58. 865| 124.70 
54.290) 103, 69 
50. 280}. 87.75 
47.305) © 77.33 
44.127) 67.29 
40. 606} 57. 47! 
36.568! 47.71 
n-Propylcyclo- 
pentane 


May 14, 1943 


°C imm Hg 
131.878 779. 42 
131. 326' 768.03 
130. 706) 755. 28, 
130.152, 744.07 
129. 554) 732.11 
123.991; 627.93 
116. 108; 500. 67 
108. 840) 402. 38 
102.028 324.857 
95. 437 261. 69 
89.964 217.09 
84.007| 175.88 
79.550, 149.32 
74. 768; 124. 62 
70.042, 103. 54 
65. 896 87. 59 
62. 837 77.13 
59. 539 67.11 
55. 904 57. 33 
51. 737 47. 59 
trans-1,2-Di- 
methyleyelo- 
hexane 
February 9, 
1943 

°C \imm He 
124.372, 779.31 
123.810 768.00 
123.183 755.27 
122.622, 744.08 
122.016 732:11 
116.384 627.94 
108. 407' 500.72 
101. 057 

94. 178 

87. 519 

81. 991 d 
75.979; 175.9] 
71.497} 149. 45 
66.664 124. 68 
61.910° 103. 67 
57. 748 87. 73 
54. 668 77. 30 
51. 365 67. 25 


47.710 57. 
43. 520 


|| 149. 394 
| 143. 7: 
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tal data for 52 hydrocarbons on the temperatures and pressures 
id-vapor equilibrium—Continued 


n-Nonane 
A pril 28, 1943 


151. 754 
151. 195 
150. 565) 755.2 
150. 002 


738 
135. 72 

128. 329 
121. 399 
114. 684, 
109.115 
103. 047 
98. 491 
610 
801 1 
. 582 R7. HF 
. 458 
78. 007 
74. 388 3 
70.127; 47.6 





Isopropyl- 
cyclopentane 
May 11, 1943 


mm Hg 


a4 


TAR. 4 


° Cc 
127.359 
126. 810 
126.182 755.2 
125. 625, 744.08 
125. 024) 732.11 
119. 627. 4 
fll 500. 68 
104 402. 30 
97 324. 87 
90. 734° 261. 7¢ 
85. 237; 21 
79. 265, 175.8 
74.7 
69. t 
65. : 
61 
54 
5l 


46 


cis-1,3-Di- 

methyleyclo- 
hexat 

February 17, 
1943 


° Cc 
125. 391 
124. S41 


mm Hg 








77.402, 175.4 


72. 988 4y. 44 
68.168 124.67 
63. 453 103. 6 
59.316 87.7 
56.261 77.2 
§2. Y&3 67.2 
49. 351 57. 42 
45.195. 47.6 


® This point was not used in the evaluation of the constants A, B, and C of the Antoine equation. 














trans-1,3-Di- 
methyleyclo- 


Vapor Pressures and Boiling Points 
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Experimental data for 52 hydrocarbons on the temperatures and pressures 


hexane 
Febryary 11, 
1943 

( mm Hg 
91,026) 779. 38 
"479 767.99 
19, 856) - 755. 27 
», 303 744. 08 
8.706) “732.11 
113.153} 627. 94 
5. 286 500.73 
gs. 044) 402.45 
1. 260; 324.97 
84.604) 261.77 
79, 241). 217.19 
73.319, 175.91 
68. S86 149. 45 
64. 135) 124. 68 
59. 444 103. 67 
304 87. 73 
2 208 77. 30 
49. 033 67. 25 
45. 425 57. 42 
$1. 284 47. 66 


Ethylt 
March 





enzene 
9, 1943 





of the l 


o—___ 


t F 
cis-1,4-Di- 
methyleyclo 
hexane 
February 18, 
1943 
°C |mmHg!! 
}25. 263) 779. 39)/ 
124.712] 767. 97|| 
124.089] 755. 27| 
123. 530} 744. 08)| 
122.929} 732. 11)) 
117.330} 627. 94) 
109. 397) 500. 73lt 
102.094} 402. 45)| 
95. 255| 324. 98) 
88.636) 261. 76 
83.141) 217. 18) 
77.170} 175.90 
72.708, 149.44 
67.911} 124. 67|} 
63. 186! 103. 67 
59.045) 87. 73)| 
65.984, 77.30 
52.696) 67. 25 
49.056} 57.42 
44.804) 47.65 
o-Xylene_ || 
March 2, 1943 


5. 367 
809 
176 
3. 614 
3. 007 
137. 346 
318) 
. 909 
. 965 
227 
632 
96. 541 
91. 987 
87. O81 
242 
77. 993 
4. 857 
71. 481 
67. 746 
460 


mm He >} 
779. 36 
767. 95} | 
755. 25)| 
744. 
732. 
627. 


500. 71 


=! 





t i. 


trans-1,4-Di- 





methylcyclo- 
hexane 
February 12, 
1943 

°C \|mmHg 
120. 293) 779. 39)) 
119.739; 767.90 
119.117) 755. 27!) 
118. 561) 744. 08) 
117.964} 732. 11|| 
112.385] 627. 94) 
104.487; 50073 
97.212) -402. 45)| 
90. 403) © 324: 98) 
83.812) 261.77) 
78. 338] 217, 19}| 
72. 392 

67. 957 

63. 183 

58. 480) 

5A. 364) 

51. 316 

48. 045) 

44. 424 

40. 282 

m-Xylene 


March 4, 1943 


°C immuHg 
140.041! 779. 36)} 
139. 493) 767. 95)| 
138.869) 755. 25 
138.314) 744. 06!) 
| 137.713) 732.09 
| 132.128] 627.93 
124. 205 500. 70 
116. 896) 402. 44 || 
110.041} 324.94 
103. 396 261. 75 


97.870) 217.17 
91.860) 175. 
87. 367 


t P 


n-Propylcyclo- 
hexane 
April 27, 1943 


°C | mmHg) 
157.714, 779.47 | 
157.128, 768. 07)) 
156.468} 755. 31] 
155.879) 744.11 
155.242} 732. 13]| 
149. 322) 627. 96)|| 
140.930) 500. 72)) 
133. 201] 402. 44)| 
125.962) 324. 92)| 
118.947} 261. 71)| 
113.124) 217. 17)| 
106. 796} 175. 90)| 
102. 064 149. 36} 
96.973) 124. 60)) 
91.955} 103. 62)| 
87.555) 87. 67 
84. 304) 77. 22 
80.805! 67.18 
76. 049) 57. 38 
72. 515 47. 62)! 
p-Xylene 
February 3, 
1943 

°C |i\mmHg 
139. 289; 779. 36)| 
138.:742; 768.00 
138.114) 755. 27]| 
137. 558| * 744. 07 
136.956) 732.10 
131.355! 627.93 
123.409) 500.71 
116. 083) © 402. 45 
109.211) 324.97 
102. 546) 261. 78 
97.013) 217.19 
90.990! 175.92 
86.488; 149.45 
81. 636) 124. 68 
76.852) 103. 67 
72. 657 87.73 
69. 549) © 77.30 
66. 216 67. 25)? 
62.523} 57. 43] 
58.288! 47.66 


tquid-vapor equilibrium—Continued 


t i 


Benzene- || 
March 10, 1943 


°C: | mmHg) 
80.922) 770. 34 
80.442) 767. 04) 
79. 898) 755, 23 
79.413) 744. 04)) 
78. 891) 732. 07)| 
74.028) 627.93 
67.135) 500. 69 
60. 784) © 402. 42)| 
54. 832) 324. 93)| 
49.066) 261. 75) 
44. 284; 217. 16)/ 
39. 078) * 175. 89 
35.191) 149/743) 
31.004) 124. 67 
26. 886) ° 103. 64 
23.270} 87. 75)| 
20. 504 77. 2 
17. 720 67. 22 
14.548; 57.4) 
n-Propyl- 
benzene 
February 24, 
1943 
°C 'mmuHg 


160. 202) 779. 39 
159. 625) 767.96 
}58.972) 755. 27 
158. 389) 744. 08 
57. 760) . 732. 11) 
151.903; 627.94 
143. 598) 500. 72 
135.942) 402.44 
128. 764) 324.95 
121.807) 261.76 
116.032) 217.18 
109.744) 175.89 
105. 046 149. 44 
99. 986) 124. 47 
94.9935 103. 66 
90. 622 87. 73 
87. 383 77.29 


83. 909 67 
80. 064 57.41 
75. 646) . 47 


Tolyene 
March 11, 1943 


“C \|mmHg 
lll. 509) 779. 34 
110.991)" 767.95 
110.403; 755. 24 
109. 879| 744. 05 

|} 109.312) 732.08- 
104.037} 627.93 

96. 559; 500. 68 

89. 667; 402.43 

83. 202) 324.93 

76.942) 261. 75- 

71. 738} 217.16 

66.079; 175.89 

61.851) 149. 43 

57.293; 124. 67 

52.802) 103. 64 

48. 867 87.75 

45. 948 77. 28 

42.810; 67,22 

39. 343} 57: 41 

35. 366] 47. 68 

‘Isopropyl- 

benzene 

February 25, 

1943 

°C mmHg 

153. 367) 779. 39 


152.798) 767.96 
152.152) 755. 27 
151. 576)" 744. 08 
150.956; 732.11 
145.176) 627.94 
136.983; 500.72 
129.433) 402. 44 
122. 353} 324.95 
115.495) 261.76 
109.802) 217.18 
103. 604) 175. 89 
98.975) 149.44 
93.991; 124. 67 
89.077' 103. 66 
84.768!" 87.73 
81. 579 77. 29 
78.155) - 67.24 
74.365|° 57.41 
70. 020 47. 65 


VI. CORRELATION OF THE DATA WITH THE ANTOINE 
EQUATION 


1. METHOD OF CORRELATION 


The simple vapor-pressure equation 
logipP= A “ae (B/T), 


where 7’ is the absolute temperature in. degrees Kelvin, has not- 
proved adequate for the representation of accurate vapor pressure 
data, A simple modification of eq 1, originally proposed by Antoine 


iv}, IS 


logioP 


A- 


BC+), 


(1) 


(2) 











234 Journal of Research of the National Bureau of Standards 


where ¢ is the temperature in degrees centigrade. The change js 
thus equivalent to the substitution of the constant C for the jg 
point, 273.16° K, in eq 1. The Antoine equation has been discussed 
in detail in a report by G. W. Thomson [6]. The equation has beep 
used successfully by E. R. Smith to represent precise vapor-pressure By 
data over the range 100 to 1,500 mm [7], and has been used by 
number of other workers to represent data of moderate precision at 
higher pressures [6]. Advantages of the Antoine equation are the 
small number of constants and the fact that the equation may easily whe 
be inverted to yield explicitly the temperature corresponding to 4 
given pressure. In addition, there is reason to believe that extra- 
polation, especially to higher pressures, by means of the Antoine 
equation is more reliable than for many other equations commonly 
used. ; 
All the data obtained in the present investigation have been cor- and 
related by means of the Antoine equation, and the results show that I 


are 


the equation is entirely adequate to represent the vapor pressures of the 
a wide variety of hydrocarbon liquids over the range 50 to 800 mm. a 
The constants of the Antoine equation were adjusted by the method of t 
of least squares to fit the experimental data on each compound. Ce:- 
tain advantageous simplifications in the calculations were obtained 
by rewriting the Antoine-equation, eq 2, in a different form. Although 
this modification simplifies the final calculations, the derivation of whe 
the necessary equations is complicated, and will therefore be given valt 
in some detail. ae, 
Equation 2 may be written in the form = 
ant 
(A—log P) (C+t)—B=0, (3 
or, on multiplying out the. left side, and making a transformation 
to new constants, 
a=A A=a 
b=(AC—B) or B=—(ac+5) (4 
whe 
c=—C C=—e 
eq 3 becomes 
F(P,t;a,b,c) = (at+6+c¢ log P—t log P)=0. (5) a 


Equation 5 is another form of the Antoine equation. It will be 
observed that eq 5 is linear in the constants a, 6, and c, whereas 
neither eq 2 or eq 3 is linear in A, B, and C. Equation 5 may conse- 
quently be fitted to the data by least squares without the necessity 7 

of making initial estimates. of the constants, as would be necessary ae 


(pt 
for eq 2 or eq 3. _However, it is convenient, in using eq 5, to make - 
initial estimates of a, 6, and c, in order to reduce the number of ’ ' 
significant figures necessary in the subsequent least-squares calcu- — 
lation. The initial approximations, say dp, bo, and ¢, may be calcu- sro 
lated from. three selected. experimental points, at-a low, an inter- ae 
mediate, and a high pressure. Three simultaneous linear equations - 
of the form of eq 5 are obtained, the solution of which yields a, 5s “ i 
and ¢. For eq 2 or eq 3, three simultaneous nonlinear equations are - 


obtained, and the solution for A, B, and C is more difficult. 








re 
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Substitution of do, bo, and ¢o in eq 5 yields the function 


F,(P,t; p,0o,C0) = (dot + bo+- eo log P-t log P). (6) 


By adding and subtracting Fy to eq 5 there is obtained 
I(P,t; Fo; «,B,y)=(at+ 6+ 7 log P+ Fo) =0, (7) 
where 
a= (a— dp) 
p= (b—bp) (8) 
v= (c— 9) 


are the corrections to be added to. the initial approximations, dp, bo, 
and ¢, to obtain the final adjusted values a,b, and c. 

Equation 7 is the form of the Antoine equation used in setting u 
the normal equations of the method of least squares. The small 
quantities a, 8, and y are to be adjusted to minimize the weighted sum 
of the squares of the residuals, 


S=5w'(f')?, (9) 


where f‘ is the value of f when P and ¢t are replaced by the experimental 
values P* and ¢‘, and the sum is over all the experimental points. ‘The 
weight of the ith point, w‘, is defined below. . The normal equations, 
which are three simultaneous linear equations to be salved for a, 8, 
and y, are [18] 


(Sywifefala+ (Lywfa fe) B+ (LwFehi)y= Dw fafa 
( Diwifefa) a+ ( Swiss) B+ (2iw'faty) Y= Dow fafo (10) 
(wh Sadat (wh Se) B+ (SwPI) a= DwfSo 


where 
fa'=(df/0a)'=t* 
Se'=(Of/0B)‘=1 (11) 
fr'=(Of]00)'=log P 

and 


fo=f(P*, t*; Fo; 0, 0, 0) = Fy! 


12 
= (agt'+-bo+-c log P*'—t' log P*. ste 
These quantities are to be evaluated for each’ experimental point 
(P*, t‘), and the sums in eq 10 are over all the points. ce 
It will be observed that the coefficients (sums) on the left side of 
the normal equations have a.simple form, and do not contain the 
initial estimates of the constants, as would be the case if the normal 
equations were set up for eq 2 or eq 3. This is a consequence of the 
linearity of eq 7 with respect to a,-8, and y, and is the principal 
ulvantage of the use of this equation. 
It can be seen from eq 5 and eq 12 that the quantities f)‘ which are 
computed in setting up the normal equations will be small and -will 


663099456 
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clearly reflect any irregularities in the data. It is therefore possible 
by inspection of the quantities f,‘, to make a preliminary evaluation of 
the precision of the data before the least squares calculation jg 
carried out. 
The weights w (the indices i will be omitted for simplicity) are 
given by-the relation , 
w=(1/0/), (13 


where o; is the expected standard deviation of the function f, of eq 7 
. - © ’ 
from the value zero. 4; is calculated from the relation 


of =f'o ° +fire P PW \oeP (14 


where o, and gig p are the expected standard deviations (of a single 
value) of ¢ and log P, and 


fe= (Of /Ot)=a+ (OFo/dt) = (a+a,—log P) 
=(a—log P)=(A—log P) (15) 
Frog p =(Of/0 log P)=y+(OF)/d log P)=(y+C,—t) 
=(c—t)=—(C++2). 
As.the data approximately satisfy eq 3, 
Soe P= —B/(A—log P). (16) 


The weight w can be evaluated only approximately because of tly 
inherent. uncertainty in. ¢, and oicg p.. It 1s therefore permissible to use 
approximate values of A and B in calculating f, and fig. The 
average value of 6.8 for A and 1,250. for B were used in all the cal- 
culations of this report. 

Ttog p May be replaced by (cp/P), where op is the standard deviation 
of the pressure. In view of the experimental method, gp should be 
representable by an expression of the form 


" ,, (dP ‘ . 
op eng (PY ah : 


where gp, is the standard deviation of-the pressure in the vapor pres- 
sure measurements, o;, ts the standard deviation of the temperature 1! 
the calibration measurements with water, and (dP/dt)» is the tein- 
perature coeflicient of the vapor pressure of water at the given pressure 
The measure of op adopted was the root-mean-square value of the 
difference in the observed pressure for successive calibrations at 4 
given contact. It was found that these values of op were satisfactorily 
represented by eq 17 with op.-+0.06 mm Hg and o,= +003 
degree centigrade. The corresponding values of op vary from +0.06 
mm Hg at the lowest pressure to +0.11 mm Hg at the highest pres- 
sure. o, in eq 12, the standard deviation of the temperature in the 
vapor pressure measurements, was also taken as +0.003 degree 
centigrade. Finally, the weights, one weight for each contact (0 
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pressure), were calculated from eq 13 to 17. The use.of this single set 
of weights for all the calculations reduced considerably the labor of 
the calculations. 

The evaluation of a, 8, and y by the solution of eq 19 completes the 
least, squares calculation. The adjusted values of the constants A, 
B. and C, to be used in the original form of the Antoine equation, 
eq 2, are then calculated from eq 4 and eq 8. 

It is net difficult to show that the adjusted values of A, B, and C 
should satisfy the relations 


> w{(A—log P*) (C+-t) —B\t'=0 


> jw'{(A—log P*) (C+ t) —B]=—0 - (18) 
Sw 


> w'[(A 
t 


log P‘)(C+-t))—B] log P'=0. 


In practice, these sums.are found to be very nearly but nat exactly 
vero, because of the accumulation of numerical errors in tlie least 
«juares calculation. A readjustment of A, B, and’C by using these 
three relations would be equivalent to a second least squares-caleula- 
tion and equally laborious. However,:it is easy to make’a final small 
adjustment of B by using the second relation of eq 18,, which is 
equivalent to a second least squares calculation (minimization of S) 
in which, however, A and C are held constant. The small correction 
to be added to B is 


SSw'{(A—log. P*) (C+ t) — B/S Sw. - (19) 
i 1 


This correction was applied in the, present calculations. The final 
values of A, B, and C are therefore very nearly those which minimize 
the quantity S. 


A simple measure of the precision with which the Antoine equation 
fits the data on a given compound may be obtained from the weighted 
sum of the squares of the residuals, S. ‘ The quantity S is obtained in 
the course of the solution of the normal equations, without the neces- 
sity of computing the individual residuals for each point. From eq 9 
and eq 13,8 is given by 


S - > (f*/a,;*)?, (20) 
i 


where f‘ is the actual deviation of the function f of eq 7 from zero for 
the given point. (P', t‘), and of is the expected deviation calculated 
from eq 14, with the previously stated values for ¢, and op. (f*/o,') is 
thus the ratio of the actual to the expected error for the given point. 
herefore, if the number of points in the given set of data is designated 
yn, 


> 
“ 


p=(S/n)'” =[esytie |’ | (21) 
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is the root-mean-square value of the ratios of the actual deviations to 
the expected deviations. The actual deviations, /‘, from the valye 
zero may be a result of errors in the measurement of the temperature 
and pressure or caused by the failure of the Antoine equation to repre. 
sent exactly the true pressure-temperature relation. The ratio 9 is ay 
averaged measure of these errors. 


2. RESULTS OF THE CORRELATION 


The values of the three constants of the Antoine equation for vapey 
pressures, obtained from the data in table 2 as described in the preced- 
ing section, are given in table 3, together with the ranges of pressure 
and temperature over which the experimental data were obtained 
(and over which, therefore, the resulting equation for each compoun 
is applicable without loss of accuracy). The values of the boiling 
point, and the pressure coefficient of the boiling point, at 760.00 mn 
Hg, calculated from the Antoine. equation are also given. 

In. those casés in which two series of measurements on a single 
compound are given in table 2, the constants in table 3 were derived 
from the series of more recent date. The earlier series agrees satis- 
factorily with the equation in every case. 

The last column. of table 3 gives, for each compound, the root- 
mean-square value, p, of the ratios of the deviations of the observed 
points from the Antoine equation to the expected standard deviations 
The expected deviations were calculated on the basis of standard 
deviations (of a single value) of +0.003 degree centigrade in the 
temperature and +0.06 to +0.11 mm Hg in the pressure, for the 
lowest and highest pressures, respectively. The values of p for the 
52 compounds vary from 0.09 to 0.52, while the over-all value of », 
computed for the total of 913 points on 52 compounds, is 0.33. It 
seems reasonable to conclude that the over-all standard deviations in 
the measurements were about +0.001 to +0.002 degree centigrade 
in the temperature, and +0.02 to +0.04 mm Hg in the pressure, 
although itis not possible to separate unambiguously the errors in 
temperature and pressure. The expected deviations were arrived at 
from a study of the deviations in the calibration curves of figure 7 
As the actual deviations are considerably smaller, it may. be con- 
cluded that a large part of the variation in the calibration curves 
represented true changes in pressure at the contacts, and that inter- 
polation on the calibration curves yielded the pressures with the 
smaller deviations observed. 
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VII. DISCUSSION 


The data obtained in this investigation show clearly several simple 
correlations between the values of the “B” and “C” constants of the 
Antoine equation and molecular structure for the compounds of the. 
several classes. 

Figures 8 and 9 give plots of the values of the ““B” and “C”’ con- 
stants, respectively, of the Antoine equation as a function of the 
number of carbon atoms in the molecule for several.members of the 
series of normal paraffins, alkyleyclopentanes, alkylcyclohexanes, and 
alkvlbenzenes. From correlations such-as these, values of the ‘‘B” 
and “C” constants may be estimated with reasonable certainty for 
neighboring higher members of these series. With two constants so 
determined, the normal boiling point would fix the third constant, A, 
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Figure 8.—Values of the “‘B” constant .of the Antoine equation as a functian of 


the number of carbon atoms in the molecule, for the several different classes of 
mpounds invéstigated, 
of ordinates gives the value of the ““B”’ constant and the scale of abscissas gives the number of 
carbon atoms in the molecule. 


and thus permit setting up the complete vapor-pressure equation 
from a knowledge only of the boiling point at one pressure. 

Figure 10 gives, from the data on the hexanes, heptanes, and 
octanes, a plot of the values of the difference, between a normal: 
paraffin and a given isomer, of the “B” constant of the Antoine 
equation as a function of the difference in the normal boiling point 
of the two isomers. Figure 11 gives, from the data on the hexanes, 
heptanes, and octanes, a plot of the values of the difference, between 
a normal paraffin and a given isomer, of the “C”’ constant of the 
Antome equation as-a function of the number of tertiary and qua- 
ternary carbon atoms in the molecule. ‘Correlations of this kind 
make possible the prediction of vapor pressure equations on the 
basis of one value of the boiling point, which itself may be estimated 
by a method already described [13]. 

Che usefulness of the data of the. present investigation in formu- 
lating simple rules in connection with the separation of close-boiling 
hydrocarbons by distillation at different pressures will be discussed 
i another report [12]. 
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-Values of the “C” constant of the Antoine equation as a functior 


compounds investigated. 


The scale of ordinates gives the value of the ‘‘C’’ constant and the scale of abscissas gives the 1 


carbon atoms in the molecule. 
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Fiaure 10.—Values of the difference; between a normal paraffin and a given 


in the “‘B’”’ constant of the Antoine equation, as a function of the difference in th 


normal boiling point of the two isomers. 


The scale of ordinates gives the value of the “‘B’’ constant for the normal paraffin less that of the is: 
The scale of abscissas gives the value of the normal boiling point of the normal paraffin less t! 
This plot represents the data on the hexanes, heptanes, and octanes. 
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rE 11.—-Values of the difference, between a normal paraffin and a given isomer, 

the “‘C”’ constant of the Antoine equation, as a function.of the number of tertiary 

i quaternary carbon atoms in the molecule. 

The scale of ordinate s gives the value of the “‘C”’ constant for the isoparaffin less that of the normal paraffin. 

The cale of abscissas gives the number of tertiary carbon atoms in the molecule, with the upper curve 
plying to those molecules having one quaternary carbon atom and the lower curve to those having 

juaternary carbon atoms. This plot represents the data on the hexanes, heptanes, and octanes. 





The data of the present investigation are being correlated with 
risting other vapor pressure data on the same and additional com- 
paw in connection with the work of the American Petroleum 
tute Research Project 44 at this Bureau, and a comparison of 

the prese nt data with data of previous investigations will appear in 
ireport of that work [11]. This latter report will also aan an 
\tension, with detailed discussion, of the various correlations, to- 
zther with the prediction of vapor-pressure equations for a number 
{ hydrocarbors for which no data are available. The corrélations 
this latter report are being made according to the method de- 
«ribed in another report from this laboratory [13], which involves a 
nsideration of the interaction among various groups in the molecule. 


Grateful acknowledgement is made to C.-E. Boord of the American 
one ‘um Institute Hydrocarbon Research .Project at the Ohio 
: University, M. R. Fenske of the Pennsylvania. State College, 
Ge orge Calingaert of the Ethyl Corporation, the Barrett Division “of 
e Allied Chemical & Dye Corporation, the Humble Oil & Refining 
np ny, and the Dow Chemical Company for supplying mate rials 
mm which, except for cyclopentane [10] and n-dodecane [9], were 
roduced [8] the purified samples-measured in this investigation. 
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